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Abstract

It is shown that the main geometrical objects involved in all the symme-
tries or supersymmetries of the Dirac operators in curved manifolds of arbi-
trary dimensions are the Killing vectors and the Killing-Yano tensors of any
ranks. The general theory of external symmetry transformations associated to
the usual isometries is presented, pointing out that these leave the standard
Dirac equation invariant providing the correct spin parts of the group gener-
ators. Furthermore, one analyses the new type of symmetries generated by
the covariantly constant Killing-Yano tensors that realize certain square roots
of the metric tensor. Such a Killing-Yano tensor produces simultaneously a
Dirac-type operator and the generator of a one-parameter Lie group connect-
ing this operator with the standard Dirac one. In this way the Dirac operators
are related among themselves through continuous transformations associated
to specific discrete ones. It is shown that the groups of this continuous sym-
metry can be only U(1) or SU(2), as those of the (hyper-)Ké&hler spaces, but
arising even in cases when the requirements for these special geometries are
not fulfilled. Arguments are given that for the non-K&hlerian manifolds it is
convenient to enlarge this SU(2) symmetry up to a SL(2,C) one through com-
plexification. In other respects, it is pointed out that the Dirac-type operators
can form A = 4 superalgebras whose automorphisms combine external sym-
metry transformations with those of the mentioned SU(2) or SL(2,C) groups.
The discrete symmetries are also studied obtaining the discrete groups Z4 and
Q. To exemplify, the Euclidean Taub-NUT space with its Dirac-type operators
is presented in much details. Finally the properties of the Dirac-type operators
of the Minkowski spacetime are briefly discussed in the Appendix B.
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1 Introduction

The quantum physics in curved backgrounds needs to use algebras of operators
acting on spaces of vector, tensor or spinor fields whose properties depend on the
geometry of the manifolds where these objects are defined. A crucial problem is to
find the symmetries having geometrical sources able to produce conserved quantities
related to operators with specific algebraic properties. The problem is not trivial
since, beside the evident geometrical symmetry given by isometries, there are dif-
ferent types of hidden symmetries frequently associated with supersymmetries that
deserve to be carefully studied.

The isometries are related to the existence of the Killing vectors that give rise
to the orbital operators of the scalar quantum theory commuting with that of the
free field equation. In the theories with spin these operators get specific spin terms
whose form is strongly dependent on the local non-holonomic frames we choose by
fixing the gauge. For the Dirac field, these spin parts are known in any chart and
arbitrary tetrad gauge fixing of the four-dimensional manifolds [I}, 2]. However, with
these results one cannot say that this problem is generally solved, for fields with any
spin obeying different free or coupled field equations. For this reason the theory of
isometries was extended to that of the external symmetry which allows one to pick
up well-defined conserved quantities in theories with matter fields of any spin [3), 4.
Here we extend the theory of external symmetries to the Dirac theory in manifolds
of any dimensions.

Another type of geometrical objects related to the so called hidden symmetries
or several specific supersymmetries are the Killing-Yano (K-Y) tensors [5] and the
Stéckel-Killing (S-K) tensors of any rank. The K-Y tensors play an important role
in theories with spin and especially in the Dirac theory on curved spacetimes where
they produce first order differential operators, called Dirac-type operators, which
anticommute with the standard Dirac one, D [Il, 6]. Another virtue of the K-Y
tensors is that they enter as square roots in the structure of several second rank
S-K tensors that generate conserved quantities in classical mechanics or conserved
operators which commute with D. The construction of Ref. [I] depends upon the
remarkable fact that the S-K tensors must have square root in terms of K-Y tensors
in order to eliminate the quantum anomaly and produce operators commuting with
D [{. These attributes of the K-Y tensors lead to an efficient mechanism of super-
symmetry especially when the S-K tensor is proportional with the metric tensor and
the corresponding roots are covariantly constant K-Y tensors. Then each tensor of
this type, f?, gives rise to a Dirac-type operator, D?, representing a supercharge of
a non-trivial superalgebra {D*, D7} oc D?6;; [§]. It was shown that D can be pro-
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duced by covariantly constant K-Y tensors having not only real-valued components
but also complex ones [9, [[0]. This represents an extension of the Kéhlerian mani-
folds that seems to be productive for the Dirac theory since it permits to construct
superalgebras of Dirac-type operators even in the Minkowski spacetime which is not
Kéhlerian, having only complex-valued covariantly constant K-Y tensors [I0} [TT].
For this reason, in what follows we shall consider such more general tensors, called
unit roots (instead of complex structures) since all of them are roots of the metric
tensor. We note that the complex structures defining Kéhlerian geometries are spe-
cial automorphisms of the tangent fiber bundle while the unit roots we consider here
are automorphisms of the complezified tangent fiber bundle. A part of this paper is
devoted to the theory of the Dirac-type operators generated by unit roots [TT], [T2].

It is known that in four-dimensional manifolds the standard Dirac operator and
the Dirac-type ones can be related among themselves through continuous or discrete
transformations [I2, [T0]. It is interesting that there are only two possibilities, namely
either transformations of the U(1) group associated with the discrete group Z4 or
SU(2) transformations and discrete ones of the quaternionic group Q [12, [T0L [TT].
Particularly, in the case when the roots are real-valued (complex structures) the
first type of symmetry is proper to Kéhler manifolds while the second largest one
is characteristic for hyper-Kéhler geometries [I2]. The problem is what happens
in the case of manifolds with larger number of dimensions allowing complex-valued
roots. We have shown that, in general, there are no larger symmetries of this
type [II] but here we point out how these could be embedded with the isometries.
Other new result is that in non-K&hlerian manifolds with complex-valued unit roots
this operation requires to enlarge the SU(2) symmetry up to a SL(2,C) one using
complexification.

The typical example is the Euclidean Taub-NUT space which is a hyper-Kéahler
manifold possessing three covariantly constant K-Y tensors with real-valued compo-
nents which constitute a hypercomplex structure generating a N = 4 superalgebra
of Dirac-type operators [§], in a similar way as in semi-classical spinning models
[13, [14]. Moreover, each involved K-Y tensor is a unit root of the metric tensor as
it results from the definition of the Ké#hlerian geometries (given in Appendix A).
It is worth pointing out that the Euclidean Taub-NUT space has, in addition, a
non-covariantly constant K-Y tensor related to its specific hidden symmetry showed
off by the existence of a conserved Runge-Lenz operator that can be constructed
with the help of the Dirac-type operators produced by the four K-Y tensors of this
space [19], [16]. In Euclidean Taub-NUT space there are no quantum anomalies [17]
and one obtains a rich algebra of conserved observables [I8] that offers many possi-
bilities to choose sets of commuting operators defining quantum modes [T9, [§]. On
the other hand, hereby one can select or build superalgebras, dynamical algebras
typical for the Keplerian problems [I6], or even interesting infinite loop algebras.
Our last objective here is to present the complete Dirac theory in the Taub-NUT
background including our new results in this domain.
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The paper is organized as follows. We start in the second section with the
construction of a simple version of the Dirac theory in manifolds of any dimensions,
introducing the group of the external symmetry in non-holonomic local frames as the
universal covering group of the isometry one [3]. In this way we can define the spinor
representation recovering the specific form of its generators Ref. [I] in a suitable
context that allows us to use the Noether theorem for deriving conserved quantities
H]. In the next section we present the theory of the Dirac-type operators produced
by the unit roots. The continuous and discrete symmetries of these operators are
studied showing that there exists either an U(1) symmetry associated to a single
unit root or a SU(2) one of of the Dirac-type operators produced by triplets of
unit roots. Moreover, we point out that the these triplets give rise to triplets of
Dirac-type operators, D?, i = 1,2, 3 anticommuting with D and among themselves
too, forming thus a basis of a N' = 4 superalgebra. Furthermore, we show that in
the case of the hyper-Kéahler manifolds, the automorphisms of these superalgebras
combine the mentioned SU (2) specific transformations with those of a representation
of the group of external symmetry induced by SO(3) rotations among the triplet
elements. For the superalgebras generated in non-Kéahlerian manifolds the problem
is more complicated since there the isometry transformations are induced by the
complexified group O(3). which forces us to consider complexified groups and Lie
algebras. The discrete symmetries associated with the continuous ones, Z4 and
Q, as well as the parity and the charge conjugation are also presented. The last
section is devoted to the theory of the Dirac operators in the Euclidean Taub-
NUT space. Adopting a group theoretical point of view, we start with the integral
form of the isometry transformations we have recently obtained and the orbital
angular momentum operator that deals with them [20]. Moreover, we show why
in the usual gauge the whole theory presents a SO(3) global symmetry and we
review the principal operators of the scalar Klein-Gordon, Pauli and Dirac theory.
Some important algebraic features are pointed out giving a special attention to
an association among Pauli and Dirac conserved operators [I8] that simplifies the
algebraic calculus leading to possible infinite loop superalgebras. Different discrete
quantum Dirac modes are constructed with the help of reducible representations of
the dynamical so(4) algebra [16] and using new types of spherical harmonics and
spinors [T9,R]. Finally, in two appendices we briefly present the Kéahlerian manifolds
and the properties of the Dirac-type operators of the Minkowski spacetime.

2 The external symmetry of the Dirac field

The relativistic covariance in the sense of general relativity is too general to play
the same role as the Lorentz or Poincaré covariance in special relativity [21]. In
other respects, the gauge covariance of the theories with spin represents another
kind of general symmetry that is not able to produce itself conserved observable [22].
Therefore, if we look for sources of symmetries able to generate conserved quantities,
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we have to concentrate first on isometries that point out the spacetime symmetry
giving us the specific Killing vectors [22, 23, 24]. The physical fields minimally
coupled with the gravitational one take over this symmetry, transforming according
to different representations of the isometry group. In the case of the scalar vector
or tensor fields these representations are completely defined by the well-known rules
of the general coordinate transformations since the isometries are in fact particular
coordinate transformations. However, the behavior under isometries of the fields
with half integer spin is more complicated since their transformation rules explicitly
depend on the gauge fixing. The specific theory of this type of transformations is
the recent theory of external symmetry we present in this section [3].

2.1 Clifford algebra and the gauge group

The theory of the Dirac spinors in arbitrary dimensions depends on the choice of the
manifold and Clifford algebra. Bearing in mind that the irreducible representations
of the Clifford algebra can have only an odd number of dimensions, we consider a
2] + 1-dimensional pseudo-Riemannian manifold My;,1 whose flat metric 7 (of its
pseudo-Euclidean model) has the signature (m4,m_) where my+m_ =m = 2l+1.
This is the maximal manifold that can be associated to the 2/ 4+ 1-dimensional
Clifford algebra [25] acting on the 2!-dimensional space ¥ of the complex spinors
Y = @1 ® @Pa... ® ¢ built using complex two-dimensional Pauli spinors ¢. In this
algebra we start with the standard Euclidean basis formed by the hermitian matrices
74 = (AT (A,B,... = 1,2,...,m) that obey {34, 4%} = 20451 where 1 is the
identity matrix. Furthermore, we define the suitable basis corresponding to the
metric 7 as

, (1)

A 74 for A=1,2,....,m4
= iAA for A=my+1,my+2,...m

such that
{v*, ¥"} =21, (2)

Since the first m, matrices 4 remain hermitian while the m_ last ones become
anti-hermitian, it seems that the unitaryness of the theory is broken. However, this
can be restored replacing the usual Hermitian adjoint with the generalized Dirac
adjoint [26].

Definition 1 We say that ¢ = ¢t~ is the generalized Dirac adjoint of the field
Y if the hermitian matriz v = YT satisfies the condition (v)> = 1 and all the
matrices v are either self-adjoint or anti self-adjoint with respect to this operation,

ie. ¥4 = (v Ty = 44

It is clear that the matrix ~ play here the role of metric operator giving the gener-
alized Dirac adjoint of any square matrix X as X = yX .
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Theorem 1 The metric operator can be represented as the product v = e y1y2...4y™+
with the phase factor

c— { (z)m+Til for odd my <m 3)

(z)mT+ for even my <m
Proof: In the special case of the Euclidean metric (when m_ = 0) we have the
trivial solution v = 1. Otherwise, the algebraic properties of the matrix v depends
on my such that for my taking odd values we have the following superalgebra

[’Ya ’YA] =0 for A= 1,27...,777,_;,_,
{~, fyA}:O for A=m4y+1,...,m, (4)

while for even m_ the situation is reversed. Consequently, one can verify that

, A=1,2,...m, (5)

—7 44 forodd my
= —~4 for even my

which means that from the point of view of the Dirac adjoint all the matrices 44
have the same behavior, being either self-adjoint or anti self-adjoint. Thus the uni-
taryness of the theory is guaranteed. m

In what follows we consider that m_ is odd representing the number of time-like co-
ordinates and match all the phase factors according to self-adjoint gamma-matrices.

Remark 1 When these matrices are anti self-adjoint (because of an even my ) it
suffices to change v — +iy? in the formulas of all the operators one defines. The
same procedure is indicated when one works with self-adjoint gamma-matrices but
metrics of reversed signature, with my space-like coordinates.

The isometry group G(77) = O(m4,m_) of the metric 7, with the mentioned
signature, is the gauge group of the theory defining the principal fiber bundle. This
is a pseudo-orthogonal group that admits an universal covering group G(7) which is
simply connected and has the same Lie algebra we denote by g(7). The group G(7)
is the model of the spinor fiber bundle that completes the spin structure we need.
In order to avoid complications due to the presence of these two groups we consider
here that the basic piece is the group G(7), denoting by [w] their elements in the
standard covariant parametrization given by the skew-symmetric real parameters
wap = —wpA. Then the identity element of G(77) is 1 = [0] and the inverse of [w]
with respect to the group multiplication reads [w]™! = [~w].

Definition 2 We say that the gauge group is the vector representation of G(77) and
denote G(1) = vect|G(7)]. The representation spin|G(n)] carried by the space ¥
and generated by the spin operators

SAB — E [ A’ ,VB} (6)
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is called the spinor representation of G (7). The spin operators are the basis gener-
ators of the spinor representation spin[g(n)] of the Lie algebra g(7).

In general, the spinor representation is reducible. Its generators are self-adjoint,

5P = SAB and satisfy

(S4B, 79 = (P9 — 7199, (7)
[Sas, Scp] = i(ap Sec — ac Sep + MBc Sap — NBD Sac) (8)

as it results from Eqs. ([£)) and ([@). It is obvious that Eq. (§]) gives just the canonical
commutation rules of a Lie algebra isomorphic with that of the groups G(7) or G(7).
The spinor and vector representations are related between themselves through the
following

Theorem 2 For any real or complex valued skew-symmetric tensor wap = —wpA
the matriz )
T(w) =), Sw) = Jwans?, )
transforms the gamma-matrices according to the rule
[T(W)] "' AT(w) = A (w)y”, (10)
where ] 1
A,AB'(w) = 5§ + w,AB' + 5 w,ACiw,CB + ...+ ) w,AC'w,CC',...w,DB +.... (11)
D Ne— —

n

Proof:  All these results can be obtained using Eqs. () and (). m

The real components wyp are the parameters of the covariant basis of the Lie al-
gebra g(7) giving all the transformation matrices T'(w) € spin|G(77)] and A(w) €
vect[G(n)]. Hereby we see that the spinor representation spin[G(7)] is unitary
since for w € R the generators S(w) € spin[g(7})] are self-adjoint, S(w) = S(w),
and the matrices T'(w) are unitary with respect to the Dirac adjoint satisfying
T(w) = [T(w)]™.

The covariant parameters w can also take complex values. Then this parametrisa-
tion spans the complezified group of G(7), denoted by G.(77), and the corresponding
vector and (non-unitary) spinor representations. Obviously, in this case the Lie al-
gebra is the complexified algebra g.(77). We note that from the mathematical point
of view G(7) = vect|G(77)] is the group of automorphisms of the tangent fiber bundle
T (M,,) of M,, while the transformations of G¢(7) = vect[G.(7)] are automorphisms
of the complexified tangent fiber bundle 7 (M,,) ® C.

2.2 The Dirac theory

With these preparations, the gauge-covariant theory of the Dirac field can be for-
mulated on any submanifold of M,,—9;41, like, for example, in the usual (1+3)-
dimensional spacetimes immersed in the five-dimensional manifold of the Kaluza-
Klein theory (with { = 2). We consider the general case of the Dirac theory on
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any submanifold M, C M,, of dimension n < m whose flat metric n is a part (or
restriction) of the metric 7, having the signature (ny,n_), withny <my,n_ <m_
and ny +n_ = n, such that the gauge group is G(n) = vect[G(n)] = O(n4+,n_). In
M,, we choose a local chart (i.e. natural frame) with coordinates *, «, ..., i, v, ... =
1,2,...,n, and introduce local orthogonal non-holonomic frames using the gauge
fields (or ”vilbeins”) e(x) and é(x), whose components are labeled by local (hated)
indices, &,...0,7,... = 1,2,....,n, that represent a subset of the Latin capital ones,
eventually renumbered. The local indices have to be raised or lowered by the metric
1. The fields e and é accomplish the conditions

ned — gt et = o (12)

€ s

and orthogonality relations as g,wegeg = Nap- With their help the metric tensor of

M, can be put in the form g,, (z) = ndﬁég(:ﬂ)éé(az).

Definition 3 We call physical spacetimes the manifolds M, = Mg, having only
one time-like coordinate x° =t and d = n — 1 space-like ones, x = (x!, 2, ...xd),
with metrics of the signature (1,d). In addition, we assume that these manifolds are
orientable and time-orientable [23].

The next step is to choose a suitable representation of the n matrices ~% obeying
Eq. @) and to calculate the spin matrices S% defined by Eq. (@). Now these are
the basis generators of the spinor representation spin[g(n)] of the Lie algebra g(n),
corresponding to the metric . If n < m there are many matrices, y"*1,...,4™,
which anticommutes with all the n matrices v¢ one uses for the Dirac theory in M,,.
We can select one of these extra gamma-matrices denoting it by 7" and matching
its phase factor such that (y*)2 = 1 and (y**)* = 4", This matrix obeying

{,ych, 7;1} =0, p=1,2..n, (13)

is called the chiral matrix since it plays the same role as the matrix v° in the usual
Dirac theory, helping us to distinguish between even and odd matrices or matrix
operators.

Definition 4 One says that a matriz operator acting on ¥ is even whenever it
commutes with 4" and is odd if it anticommutes with this matriz.

The matrix v can be either even (for even m) or odd (when m, is odd). These
two different situations lead to self-adjoint or anti self-adjoint chiral matrices, such
that it is convenient to use the chiral phase factor e, = +1 giving 7" = e,7". In
general, when m > n we can define one or even many chiral matrices different from
v but for n = m = 21 + 1 we must take 7" = ~. In any case, the space of the Dirac
spinors can be split in its left and right-handed parts, ¥ = ¥ & ¥ (U = PV,
Ui = PrV¥), using the traditional projection operators

PL:%(l—ych) , PR:%(1+W) . (14)
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In general, any matrix operator X : ¥ — W can be written as the sum X = X yep, +
Xodd, between its even part Xeyen, = P XPr, + PRX Pr and the odd one X, 4q =
Pr X Pr + PrX Pr,. When one intends to exploit this mechanism it is convenient to
use the chiral representation of the gamma-matrices where

,Ych — ( _S-L 10R ) (15)

is diagonal and all the matrices 4" are off-diagonal. The notations 17 and 1p
stand for the identity matrices on the spaces of spinors ¥; and Wg respectively.
The gamma-matrices and the metric operator v in the chiral representation must
be calculated in each concrete case separately since they depend on the metric
signature. In what follows we assume that in the physical spacetimes defined by
Definition B the matrix v = 4" in the chiral representation is hermitian. Otherwise,
we proceed as indicated in Remark [Il

The gauge-covariant theory of the free spinor field ¢ € ¥ of the mass my, defined
on M, is based on the gauge invariant action

Slect] = [ a5 {31 Vaw - (Tabnol -modu |, (10

where g = |det(g,,)| and V, = éfjvd =V, + D57 are the covariant derivatives
formed by the usual ones, @“ (acting in natural indices), and the spin connection
ropin = Lef(ar, — e5 )87 (17)
no T 9t \Tat fu Bop/ -6
giving V0 = (0, + Ff}’i”)w. The action ([8) produces the Dirac equation Dy =

mo involving the standard Dirac operator that can be expressed in terms of point-
dependent Dirac matrices as

D= iV, A(x) =), (18)

Now we can convince ourselves that our definition of the generalized Dirac adjoint
is correct since v* = y* and fzp = —szi" such that the Dirac operator results to
be self-adjoint, D = D. Moreover, the quantity 11 has to be derived as a scalar,
iLe. V(Y1) =V, +1 V0 = 9,(¢¥1), while the quantities 1y*y7...4) behave as
tensors of different ranks.

Thus we reproduced the main features of the familiar tetrad gauge covariant
theories with spin in (14-3)-dimensions from which we can take over all the results
arising from similar formulas. In this way we find that the point-dependent matrices
y*(x) and S* (x) = eg(x)eg(x)Sdﬁ have similar properties as (), (@), (@) and &),
but written in natural indices and with g(z) instead of the flat metric. Using this
algebra and the standard notations for the Riemann-Christoffel curvature tensor,
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Ropuv, Ricci tensor, Rog = Royp,9"", and scalar curvature, R = R, g"”, we recover
the useful formulas

V(W) ="V, (19)
[v,ua vu]¢ = %Raﬁw/'ya’yﬁwa (20)

and the identity Ragwyﬁv"y” = —2R,,v" that allow one to calculate
D*=-V*+1R1, V2=g"V,V,. (21)

It remains to complete the operator algebra with new observables from which we
have to select complete sets of commuting observables for defining quantum modes.

Another important problem is to find the conserved quantities associated with
the symmetries of the theory arising from the action ([[). The internal symmetries
of the Lagrangian density for mg # 0 reduce to the abelian unitary transformations

Y= =U(lem) = e mp, & €R, (22)

of the group U(1)¢m,. Whenever my = 0 a supplementary symmetry is given by the
transformations of the chiral group U(1)., that read

e~8en Y™ i e = —1

. , 23
eSeny i ey =1 (23)

Y — Y =U(En) = {
depending on the real parameters £.,. Here it is crucial the operators U (&) be
self-adjoint since then U (&)Y U(E.n) = 7" and the Lagrangian density remains
invariant.

Theorem 3 (Noether) The U(1)ey, internal symmetry produces the vector cur-
rent

Jnect = VY'Y, (24)
that is conserved obeying V ,Jh... = 0. For mo = 0 the chiral symmetry leads to the
conservation of the axial current,

Joz = EW“VChTZJ > v,uﬁgx =0. (25)

Proof: In both cases one starts with infinitesimal transformations and uses the
standard method. m

Thus the notion of conservation of the vector currents gets the same meaning as
in special relativity. This give us the possibility to use the Stokes’s theorem for
defining specific conserved charges [21]. Indeed, supposing that M, = Mgy is a
physical spacetime (with z° = t) and o(t) is a Cauchy surface (i.e. space volumes
of dimension d), we can define the electric and respectively chiral time-independent
charges as

Qo = / & JGTAb, Qen = / da /g7 (26)

This result justifies the definition of the time-independent relativistic scalar product
of the space ¥ of the spinors defined on My, [27), 21].
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Definition 5 In physical spacetimes M1 the relativistic scalar product { , ) : ¥ x
U — C is

(o, ) = / die /G (27)

According to this definition we can write Q¢, = (¥,9) and Q. = <¢,’yCh1/J>,
opening thus the way to the physical interpretation of the relativistic quantum
mechanics that is the starting point to the canonical quantization of the spinor
field.

Other conserved current and conserved charges arise from the external symme-
tries corresponding to the isometries of M,, that will be studied in the next sections.

2.3 The gauge and relativistic covariance

The use of the covariant derivatives assures the covariance of the whole theory under
the gauge transformations,

e(w) — @) = A%G[A@)] (), (28)
ch(z) — e e

produced by the mappings A : M,, — G(n) the values of which are local transfor-
mations A(x) = [w(z)] € G(n) determined by the set of real functions wyy = —wy;
defined on M,,. In other words A denotes sections of the spinor fiber bundle that
can be organized as a group, G(M,), with respect to the multiplication x defined
as (A" x A)(x) = A'(x)A(z). We use the notations Id for the mapping identity,
Id(xz) =1 € G(n), and A~! for the inverse of A which satisfies (A~1)(x) = [A(z)] 7.

The general gauge-covariant theory of Dirac spinors outlined here must be also
covariant under general coordinate transformation of M,, which, in the passive mode,
I can be seen as changes of the local charts corresponding to the same domain of
M, |23, 24]. If 2 and 2’ are the coordinates of a given point in two different charts
then there is a mapping ¢ between these charts giving the coordinate transformation
z — 2/ = ¢(z). These transformations form the group Gg4(M,,) with respect to the
composition of mappings, o, defined as usual, i.e. (¢ 0¢)(x) = ¢'[#(x)]. We denote
the identity map of this group by id and the inverse mapping of ¢ by ¢~ L.

The coordinate transformations change all the components carrying natural in-
dices including those of the gauge fields [22] changing thus the positions of the local
frames with respect to the natural ones. If we assume that the physical experiment
makes reference to the axes of the local frame then it could appear situations when
several correction of the positions of these frames should be needed before (or after)

We prefer the term of coordinate transformation instead of diffeomorphism since we adopt this
viewpoint.
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a general coordinate transformation. Obviously, these have to be made with the
help of suitable gauge transformations associated to the coordinate ones.

Definition 6 The combined transformation (A, ¢) is the gauge transformation
given by the section A € G(M,) followed by the coordinate transformation ¢ €
g¢(Mn)

In this new notation the pure gauge transformations appear as (A, id) € G(M,,) while
the coordinate transformations will be denoted from now by (Id, ¢) € G4(M,). The
effect of a combined transformation (A, ¢) upon our basic elements is, z — 2/ = ¢(z),

b(x) = ¢ (2f) = T[A(2)]¢(z) , (31)
and e(z) — é'(2') where € are the transformed gauge fields of the components

Pt (x)
oxv

eLo(n)] = AL [A() ¢4 (a) (32)
while the components of ¢ have to be calculated according to Eqgs. ([2). Thus
we have written down the most general transformation laws that leave the action
invariant in the sense that S[¢/,€'] = S[, €].

The association among the transformations of the gauge group and coordinate
transformation leads to a new group with a specific multiplication. In order to
find how looks this new operation it is convenient to use the composition among
the mappings A and ¢ (taken only in this order) giving the new mappings A o ¢
defined as (A o ¢)(z) = A[¢p(z)]. The calculation rules Ido ¢ = Id, Aoid = A and
(A x A)op = (A"o¢p) x (Ao @) are obvious. In this context one can demonstrate

Theorem 4 The set of combined transformations of M, ,C’;(Mn), form a group with
respect to the multiplication * defined as

(A, ¢) % (A, 0) = (A0 ¢) x A,¢' 0 9) . (33)

Proof:  First of all we observe that the operation * is well-defined and represents
the composition among the combined transformations since these can be expressed,
according to their definition, as (A, ¢) = (Id,¢) x (A,id). Furthermore, one can
verify the result calculating the effect of this product upon the field . m

Now the identity is (Id,id) while the inverse of a pair (A, ¢) reads

(A,¢) ' =(A""og o7 h). (34)

In addition, one can demonstrate that the group of combined transformations is the
semidirect product G(M,,) = G(M,,) ® G4(M,) between the group of sections which
is the invariant subgroup and that of coordinate transformations [3]. The same
construction starting with the group G.(n) instead of G(n) yields the complexified
group of combined transformations, G.(M,,).
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The use of the combined transformations is justified only in theories where there
are physical reasons to use some local frames since in natural frames the effect of the
combined transformations on the vector and tensor fields reduces to that of their
coordinate transformations. However, the physical systems involving spinors can
be described exclusively in local frames where our theory is essential. Therein, the

vector representation vect|G(M,,)] is the usual one [22] 21].

Definition 7 The spinor representation of g(Mn) has values in the space of the
linear operators U : U — W such that for each (A, ) there exists an operator

U(A, @) € spin[G(M,)] having the action
U(A, @) = [T(A)p]o¢™! = [T(Acg (oo™ (35)

This rule gives the transformations (B1l) in each point of M, if we put ¢/ = U(A, ¢)v
and then calculate the value of ¢/ in the point z’. The Dirac operator derived from
S covariantly transforms as

(4,¢) + D(x) = D'(z') = T[A(x)] D(2)T[A(x)] (36)

where D' = U(A, $)D[U(A, ¢)]~!. In general, the combined transformations change
the form of the Dirac operator which depends on the gauge one uses (D’ # D). We
note that for the gauge transformations with ¢ = id (when 2’ = z) the action of
U(A,id) reduces to the linear transformation given by the matrix T'(A).

2.4 Isometries and the external symmetry

In general, the symmetry of the manifold M,, is given by its isometry group, I(M,,) C
Gs(M,,), whose transformations, « — a’(z), are coordinate transformation which
leave the metric tensor invariant in any chart [22), 23, 24],

Ax'™ dx'P
Gop (") 5ok B G () . (37)

The isometry group is formed by sets of coordinate transformations,  — &' = ¢¢(x),
depending on N independent real parameters, ¢ (a,b,c... = 1,2,..., N), such that
§ = 0 corresponds to the identity map, ¢¢—o = id. These transformations form a
Lie group equipped with the composition rule

D¢t © Pe = Pperg) > (38)

where the functions p define the group multiplication. These satisfy p*(0,&) =
p?(€,0) = €% and p*(¢71,€) = p2(&,671) = 0 where ¢! are the parameters of the
inverse mapping of ¢¢, ¢g-1 = (bgl. Moreover, the structure constants, cgp., of this
group can be calculated in the usual way [2§],

o= (WES) 6
abe — DELDEM DEbDEN e—e'm0 :

(39)
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These define the commutation relations of the basis generators of the Lie algebra
of I(M,), denoted from now by i(M,). For small values of the group parameters
the infinitesimal transformations, z# — /" = z# + %k} (x) + - - -, are given by the
Killing vectors k, whose components,

9o
=) (40)
satisfy the Killing equations k, (,,) = ka ;v + ka vy = 0 and the identities
kiky,, — k' wp T Cabcky = 0. (41)

The simplest representation of I(M,) is the natural one carried by the space
of the scalar fields ¥ which transform as ¥ — ¥ = 9o (bgl. This rule defines the
operator-valued representation of the group I(M,) generated by the operators,

Ly = —ikld,, a=1,2,...N, (42)

which are completely determined by the Killing vectors. From Eq. (HII) we see that
they obey the commutation rules

[Laa Lb] - Z‘Cabch ; (43)

given by the structure constants of the Lie algebra i(M,,).

In the theories involving fields with spin, an isometry can change the relative
positions of the local frames with respect to the natural ones. This fact may be
an impediment when one intends to study the symmetries of these theories in local
frames. For this reason it is natural to suppose that the good symmetry transforma-
tions we need are isometries preceded by appropriate gauge transformations which
should assure that not only the form of the metric tensor would be conserved but the
form of the gauge field components too. However, these transformations are nothing
other than particular combined transformations whose coordinate transformations
are isometries.

Definition 8 The external symmetry transformations, (A¢, d¢), are particular co-
mbined transformations involving isometries, (Id,¢¢) € I(My), and corresponding
gauge transformations, (A¢,id) € G(M,,), necessary to preserve the gauge.

This requirement is accomplished only if we assume that, for given gauge fields e
and é, A¢ is defined by

0 (@) ,
o e5(@) (44)

A% [ A ()] = €3 [e(a)
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with the supplementary condition A¢—g(x) =1 € G(7n). Since ¢¢ is an isometry Eq.
B1) guarantees that A[A¢(z)] € vect[G(n)] and, implicitly, A¢(x) € G(n). Then the
transformation laws of our fields are

v ah = gl
o BIETEN
b)) — @) = T[Ag(a)]v(z).

The mean virtue of these transformations is that they leave invariant the form of
the Dirac operator, D' = D.

Theorem 5 The set of the external symmetry transformations (Ag, ¢¢) form the
Lie group S(M,) C G(M,,) with respect to the operation . This group, will be called
the group of the external symmetry of M,.

Proof: Starting with Eq. () after a little calculation we find that

(Ag/ o (;55) X Ag = Ap(é'l’é') s (46)
and, according to Eqgs. ([B3)) and ([B), we obtain
(Agr, der) * (e, ) = (Ap(ere)s Poier)) (47)

and (Afz(), (155:0) = (Id, ’Ld) |

From Eq. D) we understand that S(M,) is locally isomorphic with I(M,) and,
therefore, the Lie algebra s(M,,) of of the group S(M,) is isomorphic with (M)
having the same structure constants. There are arguments that the group S(M,,)
must be isomorphic with the universal covering group of I(M,,) since it has anyway
the topology induced by G(n) which is simply connected. In general, the num-
ber of group parameters of I(M,) or S(M,) (which is equal to the number of the
independent Killing vectors of M,) can be 0 < N < in(n+ 1) [22].

2.5 The spinor representation of S(M,,)

The last of Eqs. @) giving the transformation law of the field ¢ defines the
operator-valued representation (Ag, ¢¢) — Ug of the group S(M,),

(Ueth)[9e (2)] = T[Ae()]9p(x), (48)

which is the spinor representation spin[S(M,,)] C spin|[G(M,,)] of the group S(M,,).
This representation has unitary transformation matrices in the sense of the Dirac
adjoint (T' = T~1) and its transformations leaves the operator D invariant,

UsDU; ' =D. (49)

Since A¢(x) € G(n) we say that spin[S(M,)] is induced by the representation
spin|G(n)] 129, B0].



16 I. I. Cotaescu and M. Visinescu

Theorem 6 The basis generators of the spinor representation spin[s(My)] of the
Lie algebra s(M,,) are

8U§ 1 .5
Xo = = Lq o= Lq _Qaﬁ 4830
Z@{“ - + +5 % Sap (50)
where B
Q27 = (e5 ki, + €5kt ek’ (51)

Proof:  For small values of {, the covariant parameters w of the element A¢(x) =

[we(x)] € G(n) can be written as wgé(x) = 5“93‘3(%) +---. Then, from Eq. () we
can calculate the quantities

ap
0A¢ () 1 4B A5 Owy
Sa(z) =1 =-Q(z)S. 5, Qf = —= , 52
( ) oL@ £=0 2 ( ) 176} oca - ( )

which yields the desired result. m A

We must specify that the functions Q32 are antisymmetric if and only if k, are
Killing vectors. This indicates that the association among isometries and the gauge
transformations defined by Eq. (#4]) is correct.

Remark 2 The generators (2ll) can be written in covariant form as
) 1
Xo = =ik{V 0 + 5 kapw €5 €5 v Gos (53)

In Ref. [3] we have shown that similar formula can be written for any spin, gen-
eralizing thus the important result derived in Ref. [I] for the Dirac field in Mj.

Theorem 7 The operators ([&ll) are self-adjoint with respect to the Dirac adjoint
and satisfy the commutation rules

(Xa, X3] = icapeXe, [D,Xal =0, ab..=1,2,...,N, (54)
where cqpe are the structure constants of the isomorphic Lie algebras s(My,) ~ i(My,).

Proof: First we observe that X, = X, are self-adjoint since all the gamma-matrices
have this property. Furthermore, in order to demonstrate Eqs. (B&4]), we derive Eq.
(E8) with respect to € and & and from Eqs. ([B3) and (&), after a few manipulations,
we obtain the identities

Naj (Qamﬁ” QO‘“QﬁV) + KA — KYQE e =0, (55)

leading to
[Saa Sb] + [Lay Sb] - [Lba Sa] - icabCSC7 (56)
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and, according to Eq. (#3]), we find the expected commutation rules. The commu-
tators with the operator D result from Eq. ([@d). m
The natural consequence is

Corollary 1 The operators Ug € spin[S(M,)] transform the basis generators X,
according to the adjoint representation of S(M,),

UeXaUg ' = Adj(&)ap X , (57)

defined as -
Adj(f) — ezﬁaad](Xa) ) adj(Xa)bc — _icabca (58)

where adj(X,) are the basis generators of the adjoint representation of s(M,,).

Proof:  This is a general result of the group representation theory [29]. We note
that here the phase factors are chosen such that the commutators

[adj(Xa), adj(Xp)] = icape adj(X,) (59)

keep the form (B4]). m

Whenever the field 1 obeys convenient conditions at the boundary of ¢ then these
operators are Hermitian with respect to the relativistic scalar product 1) and the
representation spin[S(M,)] is unitary (with X! = X, and U? = U~1). In this
case one can define quantum modes correctly, using the set of commuting opera-
tors formed by the Casimir operators of spin[s(M,)], the generators of its Cartan
subalgebra and the Dirac operator, D.

The non-covariant form (Bl) of the generators X, helps us to understand the
meaning of the notion of manifest covariance in curved manifolds where the rep-
resentations of S(M,) are induced by those of G(n), depending thus on the gauge
fixing. For this reason, in general, their generators have point-dependent spin terms
that do not commute with the orbital parts. However, one may find several special
gauge fixings where some spin terms become point-independent.

Definition 9 When the generators Sy(x), a =1,2,..,N' (N' < N), of a subgroup
G1 C S(M,) are independent on x obeying [Sq, L) = 0, for all a = 1,2,..., N’
and b = 1,2,..., N, we say that ¢ behaves manifestly covariant with respect to this
subgroup.

The point-independent operators S,, a = 1,2, ..., N’, are then just the generators of
an usual linear representation of G;. One knows many examples of curved space-
times for which one can choose suitable local frames where the spinor fields transform
manifestly covariant with respect to different subgroups of S(M,,) or even to this
whole group. Particularly, the frames of the flat spacetimes where the fields with
spin transform manifestly covariant under the transformations of the S(M,,) group
are nothing other than the usual inertial frames of the special relativity.

From the physical point of view, our approach is useful since this allows one to
derive the conserved quantities predicted by the Noether theorem.
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Theorem 8 (Noether) The basis generators X, € spin[s(M,)] give rise to con-
served currents, J*[X,], which satisfy

3 Xal = 0. (60)

Proof: The conserved currents have to be calculated from the action ([8) in the
usual way, starting with the infinitesimal transformations generated by X,. One
finds

K] = — 5 [Frehans — @Bbrlehu] K + 190" S ek, 5 (61)

where 1) satisfies the Dirac equation. Notice that the first term here involves a part
of the stress-energy tensor of the Dirac field 22, 27]. m

Corollary 2 If M,, = Mg is a physical spacetime then every basis generator X,
defines its specific time-independent quantity

(¥, Xath) + (Xarh, ¥)) (62)

N =

Q, = / dz /G0 [Xa) =

Proof: Bearing in mind that the time coordinate of Definitions Bl and B was ¢t = 2
and using Egs. (1) and (B0), one can arrange the terms in order to obtain this
formula. m

Whenever the operators X, are Hermitian with respect to the relativistic scalar
product ([Z17) one can write Q, = (¢, X41). In the relativistic quantum mechanics
this quantity has to be interpreted as the expectation value of the observable X,
in the state described by the spinor . Of course, at the level of the quantum
field theory 9, becomes the one-particle operator which takes over the role of the
generator X, M.

Hence we have built a complete theory of the external symmetries related to
the genuine isometries defined as coordinate transformations of M,, which preserve
the metric tensor. This is very close to the theory of the Poincaré group of the
Minkowski spacetime, producing conserved quantities through the Noether theorem
in a similar manner as in special relativity.

3 Dirac-type operators related to K-Y tensors

Our theory of the external symmetry is not suitable for the study of other types
of symmetries having more subtle geometrical origins as the so called hidden sym-
metries encapsulated in the existence of the S-K and K-Y tensors. In the classical
theory, the hidden symmetries are arising from more general isometries defined in
the whole phase space which cannot be reduced to pure coordinate transformations.
For this reason the previous group theoretical methods seem to be not appropriate



Symmetries and supersymmetries of the Dirac operators in curved spacetimes 19

for obtaining new conserved quantities or operators commuting with D, produced
by the S-K or K-Y tensors fields at the quantum level. Here new specific mechanisms
have to be exploited for analysing the hidden symmetries or several new types of
supersymmetries.

3.1 Operators produced by S-K and K-Y tensors

It is obvious that in the classical theory only the S-K tensors, k) can give rise
directly to new conserved quantities since these are completely symmetric tensors
of a given rank, r > 2, whose components, l;:fﬁ)m,,,m, satisfy the Killing equation,
l;:é;)wzmmw):o. They allow one to construct the quantities l;:;(;)m,,, pp TR EH2 L aHr that
are conserved along the geodesics. Unfortunately, this property does not hold in the
quantum theory because of the quantum anomaly grace of which, in manifolds with
non-vanishing Ricci tensor, the operators K = k() Hik2tr N7 |V 4y ..V, do not
commute with the usual Laplace operator of M, V2, as it might be expected.
Particularly, in the case of the second order operators one finds [31]

[K@),vﬂ _4 (/Z;@) “”Rf’l;) V. (63)
3 o
However, this inconvenience is given up at least in the case of the second rank S-K
tensors that can be expressed as symmetrized contractions of K-Y tensors. On the
other hand, the K-Y tensors, that were first introduced from purely mathematical
reasons [B], are profoundly connected to the supersymmetric classical and quantum
mechanics on curved manifolds where such tensors do exist [32]. Thus it seems
that, at least from the point of view of the quantum theory of (super)symmetry,
the natural generalization of the Killing vectors are the K-Y tensors rather than the
S-K ones.
The K-Y tensors, f(), are completely skew-symmetric tensors of rank r for which
the Killing equation reads

#(r) — f(r £(r =
fuwz...(ur;u) = flgle---ur;u + f;(uLz---u;ur =0. (64)

It was surprising to see that the K-Y tensors are naturally related to the Dirac theory
in curved manifolds since all of them are able to produce first-order differential
operators which commutes or anticommutes with D. The Killing vectors considered
K-Y tensors of rank r = 1 give rise to the operators X, defined by Eq. (&l). This
result was reported in [I] simultaneously with the operators built using second rank
K-Y tensors [33, B4]. A recent generalization [6] yields

Theorem 9 Given a K-Y tensor f) of an arbitrary rank r = 1,2, ..., the operator
y[f(f’)] = (=1)Tiytahe (fl(lfrlLZ---ﬂrflyjrvﬂr
1 .
—mfﬁ%...ur;ﬂ“rw> (65)
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commute with D if r is odd and anticommute with D if r is even.

Proof: We delegate the proof to the Ref. [6]. m
In general, one can construct new operators commuting with D using the operators
(E3) built with the help of arbitrary K-Y tensors. Indeed, given two K-Y tensors of
any rank, f") and f("2), the new second order operator K2 = {V[f()], Y[f(2)]}
commutes with D whenever r{ + 72 is an even number. Moreover, in this way we
obtain the corresponding factorized S-K tensor of the second rank that gives rise to
the operator K freely of quantum anomaly. In this manner one can generate new
types of operators that help one to investigate the hidden symmetries and to obtain
large sets of conserved operators that may constitute new (super)algebras. In other
respects, the implication of the K-Y tensors in the quantum theory suggests us that
such tensors with complex-valued components would be also useful even if from the
classical viewpoint these are pointless.

Of a particular interest are the operators built with the help of the second rank
K-Y tensors, f, with real or complex-valued components f/w = f,,u which satisfies
the equation (B4)) for r = 2.

Definition 10 The operators
Df = (f VV 6 ;wp’Y Y ) (66)

given by the second rank K-Y tensors, f , are called Dirac-type operators.

These are non-standard Dirac operators which obey {D 7 D} = 0 and can be in-
volved in new types of genuine or hidden (super)symmetries. Remarkable superal-
gebras of Dirac-type operators can be produced by special second-order K-Y tensors
that represent square roots of the metric tensor.

3.2 Roots and their Dirac-type operators

Let us start with some technical details and the basic definitions. Given p an
arbitrary tensor field of rank 2 defined on a domain of M,,, we denote with the same
symbol < > the equivalent matrices with the elements p!, in natural frames and
P 5 = €,p- ,,eB in local frames. We say that p is non-singular on M,, if det (p) # 0
on a domain of M,, where the metric is non-singular. This tensor is said irreducible
on M, if its matrix is irreducible.

Definition 11 The non-singular real or complex-valued K-Y tensor f of rank 2
defined on M, which satisfies

fffl'fuﬁ = 9GapB > (67)

is called an unit root of the metric tensor of M, or simply an unit root of M,.
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It was shown that any K-Y tensor that satisfy Eq. (@) is covariantly constant [9],

fuu;a =0. (68)
Since Eq. (1) can be written as f/, f¢ = —d# this takes the matrix form
() =~1n, (69)

where the notation 1,, stands for the n x n identity matrix. Hereby we see that the
unit roots are matrix representations of several complex units (similar to i € C) with
usual properties as, for example, (f >_1 = —(f). The unit roots having only real-
valued components are called complex structures and represent automorphisms of the
tangent fiber bundle 7 (M,,) of M,,. In local frames these appear as particular point-
dependent transformations of the gauge group G(n) = vect|G(n)]. The manifold
possessing such structures are said to have a Kahlerian geometry (see the Appendix
A). However, the unit roots considered here are beyond this case since these are
defined as automorphisms of the complexified fiber bundle 7 (M,,) ® C, being thus
transformations of the complexified group G.(n) = vect|G.(n)].

As in the case of the complex structures of the Kéhlerian geometries, the matrices
of the unit roots have specific algebraic properties resulted from Eq. (@d). These

can be pointed out in local frames (where the matrix elements are f‘lﬁ = éfj Vi eg)

using gauge transformations of G(n).

Lemma 1 The matrix of any root of M, is equivalent with a matriz completely
reducible in 2 X 2 diagonal blocks.

Proof: The matrix (f) which satisfies Eq. (£9) has only two-dimensional invariant
subspaces spanned by pairs of vectors z and (f)z. On these subspaces, Eq. (G3)
is solved in local frames by two types of 2 x 2 unimodular blocks without diag-
onal elements: either skew-symmetric blocks with factors 1, when the involved
dimensions are of the same signature, or symmetric ones with pure imaginary phase
factors, 44, if the signatures are opposite. However, the diagonalization procedure
cannot be continued using transformations of G(n) since these preserve the form
of the 2 x 2 blocks which are proportional with the generators of the subgroups
SO(2) or SO(1,1) acting on the corresponding invariant subspaces. Notice that
other transformations of G.(n) are not useful since these do not leave the metric
invariant. m

This selects the geometries allowing unit roots.

Corollary 3 The unit roots are allowed only by manifolds M, with an even number
of dimensions, n =2k, k <.

Proof: If n is odd then the 2 x 2 blocks do not cover all dimensions, so that

det(f) =0 and f is no more an unit root of M,,. m
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Corollary 4 The unit roots of M, have real matrices only when the metric n has
a signature with even ny and n_. Otherwise the unit roots have only complez-
valued matrices. In both cases the matrices of the unit roots are unimodular, i.e.

det(f) = 1.

It is clear that for the real-valued unit roots (i.e., complex structures) one can
construct the symplectic 2-forms & = % fuwdz" N dx¥ which are closed and non-
degenerate.

The above properties indicate that the unit roots are defined up to sign. There-
fore, if two unit roots fi; and fo do not obey the condition f; = £ f5 then these will
be considered different between themselves. We denote by R;(M,,) the set of all
different unit roots of the manifold M,,. On the other hand, when an unit root f is
multiplied by an arbitrary real number o # 0, we say that p(z) = af(z) is a root
of norm ||p|| = |a|. Thus we can associate to any unit root f the one-dimensional
linear real space Ly = {p|p = af, @ € R} in which each non vanishing element is
a root. According to Corollary Bl when the metric n is pseudo-Euclidean, the unit
roots can have complex matrix elements and in that case the unit root f and its
adjoint, f*, are different. This last one generates its own linear real space Ly« of
adjoint roots which satisfy [(p)*, (p')] =0, Vp, p’ € L; since the matrices of f and
f* commutes with each other, having same diagonal blocks up to signs.

The whole set of roots of M,, defined as

R(M,) = |J (Ly—{0}) (70)
feR(My)

seems to have special algebraic structure since it does not have the element zero
and, in general, it is not certain that a linear combination of roots is a root too.
To convince this, it is enough to observe that the sum of the roots p and p* is no
more a root since det({p) + (p)*) = 0 when p* # p because of the reduction of
the pure imaginary diagonal 2 x 2 blocks. Moreover, the product of the matrices
of two different roots gives a nonsingular matrix but that may be not of a root.
Thus we understand that R(M,,)+ {0} cannot be organized as a global linear space
or algebra even though, according to the definition (), it naturally includes linear
parts as Ly or L. In other respects, we know examples indicating that R(M,,) may
contain subsets which are parts of some linear spaces with one or three dimensions,
isomorphic with Lie algebras [I2, [[0]. In any event, the algebraic properties and the
topology of R(M,,) seem to be complicated depending on the topological structure
of the set of unit roots R;(M,,) C R(M,,).

The K-Y tensor gives rise to Dirac-type operators of the form (B8) which have
an important property formulated in [9].

Theorem 10 The Dirac-type operator Dy produced by the K-Y tensor f satisfies
the condition
(Dy)? = D? (71)
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if and only if f is an unit root.

Proof: The arguments of Ref. [0] show that the condition Eq. ([Il) is equivalent
with Eqgs. (67) and (B8)). Moreover, we note that for f € R;(M,) the square of the
Dirac-type operator

Dy =if,/'V,, (72)

has to be calculated exploiting the identity 0 = fi.0.8 — fuvi8ia = fNJRfTI/aﬁ +
fouR? 43, which gives
RHVQ,BfHU. f~V7'. = Ro‘ﬂ'aﬁ (73)

and leads to Eq. (). m

Thus we conclude that the equivalence of the condition ([Il) with Eqs. (62) and (65])
holds in any geometry of dimension n = 2k allowing roots. When f* # f then D«
is different from Dy even if (Dy)? = (Dy+)? = D?. These operators are no longer
self-adjoint, obeying D_f = Dy« and

{Df, D} =0, {Dy,D}=0. (74)

3.3 Continuous symmetries generated by unit roots

Now we shall reach an interesting points of our study, showing that there are con-
tinuous transformations able to relate the operators Dy and D to each other. We
know that in many particular cases [I2}, [T0} [IT] this is possible and now we intend
to point out that this is a general property of theories involving roots. To this end
we introduce a new useful point-dependent matrix.

Definition 12 Given the unit root f, the matriz
1 14
Y= §fWS” (75)

is the spin-like operator associated to f.

This is a matrix that acts on the space of spinors ¥ and, therefore, can be interpreted
as a generator of the spinor representation spin[G.(n)] since the components of f
are, in general, complex-valued functions. It has the obvious property Z_f = Xy
while from (@) and (E7) one obtains that it is covariantly constant in the sense
that V,(X¢¢) = X;V,4. Hereby we find that the Dirac-type operator () can be
written as

Dy=i[D, Xy] , (76)

where D is the standard Dirac operator defined by Eq. ([[8)). Moreover, from Egs.
([@) we deduce [X, D?] = [X¢, (Df)?] = 0 and similarly for X s«

Definition 13 We say that Gy = {(A,,id)|p = af, a € R} C Go(M,,) is the
one-parameter Lie group associated to the unit root f € Ry(My,).
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The spinor representation of this group, spin(Gy), is the restriction to Gy of the
representation spin[G.(M,)]. Therefore, the operators U, € spin(Gy), have the
action

(Up) () = [T(p)¢](x) = Tlecf (2)] (), (77)

where the transformation matrices
T(af) = e %1 ¢ spin(G.) (78)

depend on the group parameter o € R. Hence we defined the new mappings A, :
M,, — G(n) representing sections of the complexified spinor fiber bundle such that
A,(x) = [p(x)] € Ge(n). Since the matrices ([[8) are just those defined by Eq. (@)
where we replace w by the roots p = af € Ly, their action on the point-dependent
Dirac matrices results from Eq. ([{) to be,

[T(af)] "I T(af) = Ay (af)r”, (79)

where AY, = egAé‘B'ég are matrix elements with natural indices of the matrix

Alaf) = e =1, cosa + (f) sina, (80)

calculated according to Eqs. ([I) and (69). We note that this is a matrix represen-
tation of the usual Euler formula of the complex numbers. Now it is obvious that
in local frames (f) = A(5f) € vect(G.), as mentioned above.

Theorem 11 The operators U, € spin(Gy), with p = af, have the following action
in the linear space spanned by the operators D and Dy :

U,D(U,)™' =T(af)D[T(af)] " = Dcosa + Dysina, (81)
U,D;(U,) ™" =T(af)Ds[T(af)] = —Dsina + Dfcosa. (82)

Proof: From Eq. (B) we obtain the matrix elements AY, (af) = cos a6 +sina fh,
which lead to the above result since 3 as well as T'(of) are covariantly constant. m
From this theorem it results that o € [0, 27r] and, consequently, the group G ~ U(1)
is compact. Therefore, it must be a subgroup of the maximal compact subgroup of
G.. In addition, from Eq. (B) we see that L; ~ so(2) is the Lie algebra of the
vector representation of Gy that is the compact group vect(Gy) = {A(af)|la €
[0,27]} ~ U(1). Note that the transformations (Il) and (82) leave invariant the
operator D? = (Dy)? because this commutes with the spin-like operator ¥; which
generates these transformations.

Particularly, if M,, allows real-valued unit roots (i.e. complex structures) this
is an usual Kéhler manifold. In general, when f has complex components (and
f*# f) then Ly« ~ s0(2) is a different linear space representing the Lie algebra of
vect(Gy+). These two Lie algebras are complex conjugated to each other but remain
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isomorphic since they are real algebras. The relation among the transformation
matrices of spin(Gy) and spin(Gy+) is T(af) = T(—af*) = [T(af*)]~' which
means that when f* # f the representation spin(Gy) is no more unitary in the
sense of the generalized Dirac adjoint.

The conclusion is that an unit root gives rise simultaneously to a Dirac-type
operator Dy which satisfies Eq. (IIl) and the one-parameter Lie group Gy one needs
to relate D and Dy to each other.

3.4 Symmetries due to families of unit roots

The next step is to investigate if there could appear higher symmetries given by
non-abelian Lie groups with many parameters, embedding different abelian groups
G produced by some sets of unit roots which have to form bases of linear spaces
isomorphic with the Lie algebras of these non-abelian groups. Such Lie algebras must
include many one-dimensional Lie algebras L; being thus subsets of R(M,,) + {0}
where we know that the linear properties are rather exceptions. Therefore, we must
look for special families of unit roots, f = {f*|i =1,2,..., Ny} C Ry(M,), having
supplementary properties which should guarantee simultaneously that: (I) the linear
space L f= {p|p = pif’, pi € R} is isomorphic with a real Lie algebra, and (II)
each element p € L ¢ — {0} is a root (of an arbitrary norm).

The first condition is accomplished only if the set {T'(p) |p € L f} includes a Lie

group with Ny parameters. This means that the operators Yi=3 gis 1 =1,2,..Ny
must be (up to constant factors) the basis-generators of a Lie algebra with some
real structure constants c;j;. Then according to Eqgs. ([§) and ([Z3l), we can write

(20, 37] = §[(F7), (£9)],,5" = iciju T, (83)
obtaining a necessary condition for f be a family of unit roots,

[, ()] = cuw(f*). (84)

The condition (II) is accomplished only when <p>2 is equal up to a positive factor
(i.e. the squared norm) with —1,,. This requires to have

{9, ()} = =21, (85)

where k is a positive definite metric that can be brought in canonical form x;; = ;5
through a suitable choice of the unit roots. If f satisfy simultaneously Eqs. (&)
and (BH) then L £ 1s just the Lie algebra of the group {A(p)|p € L f} the matrices
of which read _

A(p) = e ") = 1,, cos |lpl| +vi (f) sin o], (86)

where ||p|| = \/pipi (wWhen we take r;; = d;5) and v; = p;/||p||. All these results lead
to the following
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Theorem 12 If the set f = {f'|i = 1,2,...,N¢} € Ri(M,) is a family of unit
roots then the matrices 1, and <fl>,z = 1,2,...,Ny, form the basis of a matriz
representation of a finite-dimensional associative algebra over R.

Proof: Since f is a family of unit roots in the sense of above definition, f* must
satisfy Eqgs. (&4 and (BH) with the canonical metric. Hereby it results that the set of
the real linear combinations pgl, + p; (f*) forms an associative algebra with respect
to the matrix multiplication that can be calculated by adding the commutator and
anticommutator. Moreover, this algebra is a division one since there exists the zero
element (with pg = 0, p; = 0), the unit element is 1,, and each element different from
zero has the inverse (pol, + pi (f))™1 = (poln — pi (f*))/(po? + pipi). Obviously,
this real algebra is finite possessing a basis of dimension N+ 1 where ( f*) play the
role of complex units. Eq. (8H) can be interpreted as a matrix representation of the
Euler formula. m
This theorem severely restricts the existence of the families of unit roots. Indeed,
according to the Frobenius theorem there are only two finite real algebras able to
give suitable representations in spaces of roots, namely the algebra C of complex
numbers and the quaternion algebra, H. In the first case we have isolated unit roots
f and representations of the C algebra generated by the matrices 1,, and (f) (which
play the role of i € C) related to the continuous symmetry group Gy ~ U(1) we
studied in the previous section.

Here we focus on the second possibility leading to families of unit roots with
Ny = 3 that constitute matrix representations of the quaternion units.

Theorem 13 The unique type of family of unit roots with Ny > 1 having the prop-
erties (I) and (II) are the triplets f = {f*, 2, f3} € R1(M,,) which satisfy

(Y Iy = =8i1n + e f5),  d,4, k. = 1,2,3. (87)

Proof: Taking into account that ¢;;; is the anti-symmetric tensor with €123 = 1 we
recognize that Eqs. (1) are the well-known multiplication rules of the quaternion
units or similar algebraic structures (e.g. the Pauli matrices). Consequently, the
matrices (f') and 1, generate a matrix representation of H. Other choices are
forbidden by the Frobenius theorem. m
If the unit roots f* have only real-valued components we recover the hypercomplex
structures defining hyper-Kéhler geometries (presented in the Appendix A).

Egs. (7)) combined with the previous results (B3)-(8H) provide all the features
of the specific continuous symmetry associated to f.

Definition 14 We say that Gf ={(Ap,id) |p € Lf} ~ SU(2) C G¢(n) is the Lie
group associated to the triplet f C Ry (My,).

The spinor and the vector representations of this group are determined by the rep-
resentations of its Lie algebra, ¢ £ resulted from Theorem
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Corollary 5 The basis-generators of vect(g f) = Lf are 2]” while the basis-gene-
rators of the algebra spin(gf) ~ su(2) read 8; = 13 (i =1,2,3).

Proof: From Eqgs. (87) and ([B4)) we deduce that c;j, = 2¢;;5. Furthermore, from
Egs. ([B3) and (&4]) we obtain the standard commutation rules of SU(2) generators,

(84, 55] = i€ijkdk s (88)

and similarly for % (f7). m

Now vect(Gf) {A(A4,)|p € L, llpll < 27} is the compact group formed by the
matrices A(A,) = A(p) of the form (BB) constructed using the elements of the Lie
algebra L £ su(2) ~ so(3). The transformation matrices giving the action of the
operators U, € spm(Gf),

T(p) _ e—ipiZ]i _ e—2ipi§i . p= szl c Lfv (89)

have to be calculated directly from Eq. () replacing o = %£||p|| = %/pipi and
f = £p/llpll- Then the transformations ([(d) can be expressed in terms of the
parameters p; using the matrices A(p). Hereby we observe that p; are nothing other
than the analogous of the well-known Cayley-Klein parameters but ranging in a
larger spherical domain (where ||p|| < 27) such that they cover two times the group
G £ SU(2), as we can convince ourselves calculating

A(p) (F7) AT(p) = %ij(20) (f7), VA, € vect(Gp), (90)

where R(2p) € O(3) is the rotation of the Cayley-Klein parameters 2p;. These
arguments lead to the conclusion that vect(Gf) ~ SU(2) [12]. On the other hand,
since the rotations (@) change the basis of L f leaving Eqs. (B7) invariant, we
understand that these form the group Aut(L f)’ of the automorphisms of the Lie
algebra L ¢ considered as a real algebra.

In the case of triplets involving only real-valued unit roots when the geometry is
hyper-Kéhler, every family of real unit roots (i.e., a hypercomplex structure) f has
its own Lie algebra L £ su(2). These algebras cannot be embedded in a larger
one because of the restrictions imposed by the Frobenius theorem. An example of
hyper-Kéhler manifold is the Euclidean Taub-NUT space which is equipped with
only one family of real unit roots [I2, [[1]. The manifolds with pseudo-Euclidean
metric with odd n. and n_ have only pairs of adjoint triplets, f and f*, the last
one being formed by the adjoints of the unit roots of f. The spaces L f and L £ are
isomorphic between themselves (as real vector spaces) and all the results concerning
the symmetries generated by f* can be taken over from those of f using complex
conjugation. Moreover, we must specify that the set L¢|J L £ is no more a linear
space since the linear operations among the elements of L f and L £ are not allowed.
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An example is the Minkowski spacetime which has a pair of conjugated triplets of
complex-valued unit roots [I0]. Both these examples of manifolds possessing triplets
with the properties (87) are of dimension four. The results we know indicate that
similar properties may have other manifolds of dimension n = 4k, k = 1,2,3, ...
where we expect to find many such triplets [35]. The main geometric feature of all
these manifolds is given by

Theorem 14 If a manifold M,, allows a triplet of unit roots then this must be Ricci
flat (having R, =0).

Proof: As in the case of any hyper-Kéahler manifold, using Eqs. (73)) and (87) we
calculate the expression Rumﬁf1 af — Ruyggf37o;(<f3> <f1>)°‘5 = Ruwgf?’,”o;ﬂ af —
—Rapf 1af which vanishes. Furthermore, permutating the first three indices of R
we find the identity

2R,uau6flaﬁ = Ruuaﬁflaﬁ =0. (91)

Finally, writing R, = Rua,,gfl,o;'flw = —Ruaoﬁfl,c,’,'fl f = 0, we draw the con-
clusion that the manifold is Ricci flat. The same procedure holds for f? or f3
leading to identities similar to (@I). Note that the manifolds possessing only single
unit roots (as the Kéhler ones) are not forced to be Ricci flat. m

Starting with a triplet f = {f!, f2, f3} C Ry(M,) satisfying ([87) one can
construct a rich set of Dirac-type operators of the form D(¥) = ;D' where
is an unit vector (with 7> = 1) and D’ = Dyi = i[D, i, i = 1,2,3, play the
role of a basis. This set is compact and isomorphic with the sphere of unit roots
S} ={folfo=wfl,? =1} C Lf, since D(V) = Dy, for any fy € S}. Moreover,
each operator D(7) can be related to D through the transformations (BIl) and (82)
of the one-parameter subgroup Gy, C G £ SU(2) defined by fz.

Theorem 15 The operators U, € spin(G f) transform the Dirac operators D, D*
(i=1,2,3) as

UpD[Up]_l = T(P)D[T(P)]_l = D cos ||p|| + v:D*sin||p||, (92)
UpDZ[Up]_l = T(P)DZ[T(P)]_I
= D'cos|p|| — (viD+ EijijDk) sin ||p]] (93)

where p = p; f* = ||p|lvif*.

Proof: We consider the result of Theorem [ for each one-parameter subgroup of
G f generated by the unit roots f7 = v;f*. The straightforward calculation starting
with Eq. ([B9) is also efficient. m

The previous results indicate that the set Rj(M,), of unit roots producing Dirac-
type operators, has an interesting topological structure involving either single f

producing isolated Dirac-type operators or unit spheres S} leading to compact sets



Symmetries and supersymmetries of the Dirac operators in curved spacetimes 29

of Dirac-type operators. In order to show off this structure one needs to exploit
the mechanisms of our theory based on the fact that the linear spaces Ly or L f are
isomorphic with the Lie algebras of the symmetry groups of the Dirac-type operators
generated by spin-like operators.

In the non-Kéhlerian manifolds equipped with pairs of adjoint triplets f and
f*, the Dirac-type operators D’ and D yiye = D' are related to each other through
the Dirac adjoint. However, when an extended symmetry dealing with the physical
needs would be necessary, we may consider the complexified group (G f)c ~ SL(2,C)
of G ¢. Then we have to work with more complicated groups and Lie algebras since
the complexification doubles the number of generators of the spinor or vector rep-
resentations. For example, the generators of the complexified spinor representation,
spz'n(gf)c, are §; and (%)i8; and similarly for vect(gf)c.

3.5 Supersymmetry and isometries in Kahlerian manifolds

Beside the types of continuous symmetries we have studied, the presence of the
unit roots gives rise to supersymmetries related to the external symmetries in an
interesting manner. In order to avoid the complications due to the presence of the
pair of adjoint triplets we restrict ourselves to discuss in this section only Kéhlerian
manifolds.

In a Kihler manifold, a complex structure f = f* generates its own N = 2
real superalgebra, dy = {D(X\)|D(X) = AD + A\ Dy} where D and Dy (obeying
{D,Ds} =0, (Dy)? = D?) form a basis. This basis can be changed through the
transformations (&Il) and ([82) that preserve the anticommutation relations of the
basis operators, forming the group of automorphisms of d¢, Aut(ds) ~ SO(2). If
the manifold has a non-trivial isometry group I(M,,) then an arbitrary isometry
xr — &' = ¢¢(x) transforms f as a second rank tensor,

Fuol) — fl () 2220
pv pv

al‘a al‘ﬁ = foeﬁ(x) . (94)

When there is only one f we are forced to put f’ = f which means this remains
tnvariant under isometries.

Theorem 16 If a Kdhler manifold M, with the external symmetry group S(M,)
has a single complex structure, f, then every generator X € spin[s(M,)] commutes
with Df

Proof: We calculate first the derivatives with respect to £ of Eq. (@) for f' = f
and £ = 0. Then, taking into account that f is covariantly constant we can write
faAk;)‘; 5= fﬁ,\k)‘;a for each Killing vector field k defined by Eq. (). This identity
yields

(X, Ef]=0, [X,Df]=0, VX €spin[s(M,)], (95)
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which means that the operators ¥; and Dy are invariant under isometries. m

The case of the hyper-Kéahler manifolds is more complicated since a triplet f
gives rise to self-adjoint Dirac-type operators D' = D' which anticommute with D
and present the continuous symmetry discussed in the previous section. In these
conditions a new algebraic structure is provided by

Theorem 17 If a triplet f C Ri(M,,) accomplishes Eqs. (§7) then the correspond-
ing Dirac-type operators satisfy

{D", Dj} = 26,;D?, {D", D} = 0. (96)

Proof: If i = j we take over the result of Theorem [l For i # j we take into
account that M, is Ricci flat finding that D’ and D7 anticommute. The second
relation was demonstrated earlier for any unit root. m

Thus it is clear that the operators D and D! (i = 1,2,3) form a basis of a four-
dimensional real superalgebra of Dirac operators.

Definition 15 The set dy = {DN)|D(X) = XD + \iD% \g, \; € R} is the N = 4
superalgebra generated by the triplet f.

This superalgebra contains the subset d} = {D(v)|vy?® + 7> = 1} of the Dirac

operators which have the property D(v)? = D2. The set d} has the topology of the

sphere S3 including the sphere S? of the Dirac-type operators D(7) = D(0, 7).
Furthermore, it is natural to study the group of automorphisms of this super-
algebra, Aut(d f), and its Lie algebra, aut(d f)‘ Obviously, these automorphisms

have to be linear transformations among D and D' preserving their anticommuta-
tion rules. The transformation matrices T'(p) commute with D?, leaving Eqs. (@6)
invariant under transformations (@2)) and (@3]) which appear thus as automorphisms
of d £ Consequently, the group of these transformations, vect(G f) ~ SU(2), is a
subgroup of Aut(d f). However, we need more automorphisms in order to complete
the group Aut(d f) with more ordinary or invariant subgroups, isomorphic with
SU(2) or O(3). These supplemental automorphisms must transform the operators
D' among themselves preserving their anticommutators as well as the form of D.
Therefore, these may be produced by the transformations of S(M,,) since these leave
the operator D invariant.

In what concerns the transformation of the triplets f under isometries we have
two possibilities, either to consider that all the complex structures f* € f are invari-
ant under isometries or to assume that the isometries transform the components of
the triplet among themselves, f'* = ifiij f7, such that Eqs. (B7) remain invariant.
The first hypothesis is not suitable since we need more transformations in order to
fill in the group Aut(d f) when we do not have other sources of symmetry. There-
fore, we must adopt the second viewpoint assuming that the components of f are
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transformed as
i o0zt ox'
()

= R (&, 2) (), 97
Do ;= TR (97)
by 3 x 3 real orthogonal matrices & € O(3) that leave Eqs. (87) invariant. Their
matrix elements can be put in the equivalent forms

~ 1 . aqbﬂ 8(;5"
Rij (€ z) = ;fmﬁ(x)%j) ng(;)

= )N A (@A [Ag()) £y e ). (98)

o [0e(@)]

The last formula is suitable for calculations in local frames where we must con-
sider the external symmetry using the gauge transformations A[A¢(x)] € vect|G(n)]
defined by Eq. ([l and associated to isometries for preserving the gauge.

The matrices %% might be point-dependent and depend on the parameters £ of
I(My,). This means that the canonical covariant parameters w;; = —w;; giving the
expansion ifiw(dj) = 0;; + w;j + --- are also depending on these variables. Then,
for small values of the parameters £* the covariant parameters can be developed
as Wj; = {%qij + ... emphasizing thus the quantities ¢4;; we shall see that do not
depend on coordinates.

Theorem 18 Let M,, be a hyper -Kdhler manifold having the hypercomplex struc-
ture £ = {f%, 2, 3} and a non-trivial isometry group I(M,) with parameters £
and the corresponding Killing vectors k, as defined by Eq. ({0Q). Then the basis-
generators X, € spin[s(M,)] and §; = 35 € spz'n(gf) ~ su(2) satisfy

[(Xa, 8] =1iCqij85, a=1,2,...,N, (99)
where Cq;; are point-independent structure constants.
Proof: Deriving Eq. (@) with respect to £* in £ = 0 we deduce
Nk = Foak = Caijfl, (100)
which leads to the explicit form

. 2 A .
Caij = =itk ko= " kapy (101)

Bearing in mind that fﬁu;a = 0 and using the identity fi“”kam,,;g = R,’L;,'V)‘.kaAfi“”
[21] and Eq. ([{@), we find that Vgl;:fl = ik, pvio = 0 which means that 0,¢4;; = 0.
Finally, from Eq. (I00) we derive the commutation rules (@). m

Now we can point out how act the isometries z — 2’ = ¢¢(x) on the operators D¢,
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Corollary 6 The Dirac-type operators D' produced by any triplet f transform un-
der isometries according to the representation Of = {R(¢) | (Id, ¢¢) € I(M,)} of the

group I(M,) induced by the group O(3). The matrices R(E) of this representation
have the form [@8) and give the transformation rule

(VDU e(w)] = [T(€) DT(E))(x) = 356 DI (x) (102)
where the action of U € spin[S(M,)] is defined by Eq. [{3).

Proof: The matrices (@) generated as any adjoint representation,

R(E) = e, (Xa)ij = —iaij , (103)

are point-independent since ¢q;; are structure constants. Moreover, if we commute
Eq. (@) with X, using Eqs. (B4)) and (88) we obtain [X, Xp] = icgpeX concluding
that O fisa well-defined induced representation of I(M,). From Eqs. () and (1)
we derive

(UeS'US) (@) = [TOT(E)](x) = Ry (€)% (), (104)

which leads to Eq. ([[02)) after a commutation with D that is invariant under Ug. m
Hence we have the complete image of the symmetries that preserve the anticom-
mutation rules of the real superalgebra d f in a hyper-Kéahler manifold. These are

encapsulated in the group Aut(d f) whose transformations are defined by Eqs. (@2),
@3) and (IO2Z).

Corollary 7 The group Aut(df) = Uect(Gf) ® O_f is a representation of the se-
madirect product Gf ® S(M,) where G_f 15 the invariant subgroup.

Proof: ~ The basis generators of the Lie algebra aut(df) of the group Aut(df)
are the operators §; and X, that obey the commutation relations ([Bdl), [8F) and
(@). These operators form a Lie algebra since ¢,;; are point-independent. In this
algebra g £ su(2) is an ideal and, therefore, the corresponding SU(2) subgroup is
invariant. However, this result can be obtained directly taking (A, ¢¢) € S(M,,)
and (A,,id) € Gf and evaluating (Ag, ¢¢) * (A,, id) x (A, ¢e) ™' = ([Ae x (4, x
Ag_l)] o (JSEl, id) = (A, id) where, according to (), ([8d) and ([@7), we have p' =
piRij(€)f7. Consequently, (A, id) € G_f which means that Gf ~ SU(2) is an
invariant subgroup. m

Another important consequence of the previous theorem is

Corollary 8 The basis generators of spin[S(M,)] and the Dirac-type operators of
the N' = 4 superalgebra df obey

[Xa, D] = iéaij D7 . (105)
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Proof: This formula results commuting Eq. (@9) with D. m
Finally, we find an interesting restriction that can be formulated as

Corollary 9 The minimal condition that M, allows a hypercomplex structure is to
have an isometry group that includes at least one O(3) subgroup.

Proof: The subgroup O £ O(3) of Aut(d f) needs at least three generators X,
satisfying the su(2) algebra. Thus we conclude that S(M,,) must include one SU(2)
group for each different hypercomplex structure of M,,. m

This restriction is known in four dimensions where there exists only three hyper-
Kéhler manifolds with only one hypercomplex structure and one subgroup O(3) C
I(My) [36]. These are given by the Atiyah-Hitchin [87], Taub-NUT and Eguchi-
Hanson [38] metrics, the first one being only that does not admit more U(1) isome-
tries [36, B9]. In addition, we have the example of the four-dimensional Euclidean
flat space that has two different triplets and the isometry group F(4) including the
group O(4) ~ O(3) x O(3).

The theory above can be easily extended to non-Kéahlerian manifolds having
pairs of adjoint triplets of unit roots. In this case Eq. (@) gives complex-valued
orthogonal matrices which oblige us to start with the complex superalgebra (d f)c
(defined over C instead of R) and with the complexified groups and Lie algebras
H0]. Then the group of automorphisms of (d f)c> will be the group Aut(d f)c =
vect(Gf)c ® Oy, that is a representation of th group (Gf)c ® S(M,,) where Oy is
the representation of the group S(M,,) induced by the group of the complex-valued
orthogonal matrices O(3).. Obviously, the invariant subgroup here is (G f)c ~
SL(2,C). The minimal condition that M, allows a pair of adjoint triplets is the
group S(M,,) to include at least one SL(2,C) subgroup since we need six generators
for building the representation O £ O(3).. The Minkowski spacetime which has a

pair of adjoint triplets and O(3, 1) isometries is a typical example (see the Appendix
B).

3.6 Discrete symmetries

In many physical problems the study of the discrete symmetries could be also pro-
ductive. Of course, the results concerning the continuous symmetries obtained
above will be crucial for understanding the structure of the discrete transformations
which relate among themselves the standard Dirac operator and the Dirac-type ones
[Ty T2, [11].

Let us start with the simplest case of an isolated unit root f.

Theorem 19 For any unit oot f there exists the discrete group Zs(f) C Gy the
orbit of which is {D,—D, Dy, —Dy}.

Proof: Using Egs. (B and (82) one observes that the transformations 1, Uy =
T(3f), F = (Up)* = T(xf), and (Us)®> = T(=%f) = r Uy = UgF form the spinor
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representation of the cyclic group Z4(f). Since f2? = 1, the pair (1,f) represents
the subgroup Zy C Z4(f). According to Eq. (&I) we find that

Dy =UsD(U;) ™", (106)
while the action of the matrix F,
FAME = =", (107)

is independent on the form of f so that this changes the sign of all the Dirac or
Dirac-type operators. m

For a given manifold, M,, the matrix F is uniquely defined up to a factor £1. Thus
F is in some sense independent on the discrete symmetry group where is involved,
playing the role of a chiral matrix. For this reason it is convenient to identify
4" = F bearing in mind that then we must have F = e f = +f. When the
metric is pseudo-Euclidean then the operators of the spinor representation of the
discrete group Z4(f*) produced by f* # f have to be written directly using the
Dirac adjoint. Indeed, from Eq. ([0 we obtain

Up=(Up) ' =U; T, (108)

and similarly for the other operators. Starting with these elements the remaining
operators of the cyclic group will be obtained using multiplication [29].

A most interesting case is that of the discrete symmetries of the Dirac-type
operators D? (i = 1,2,3) given by the triplet f which satisfy Eqs. (&) [TT].

Theorem 20 The Dirac operators £D and the Dirac-type ones £D', +D?, and
+D3 are related among themselves through the transformations of the spinor repre-
sentation of the quaternion group, Q(f) C Gf.

Proof: Let us denote by U; = T'(% f*) the operators that, according to Theorem [9,
have the properties

() = (U2 =(Us)* =F, F*=1, (109)
and fU; = U;F . Furthermore, from Eqs. ([[(9), [80) and ®7) we deduce

U1Uy=Us, UU3="U;, UsU; = Us, (110)
U Uy =UsF, UsUs =UiF, U1Us = UsF (111)

and, after a few manipulation, we see that 1, F, U; and FU; (i = 1,2,3) form
a representation of the dicyclic group (2,2,2) [29] which is isomorphic with the
quaternion subgroup of G £ we denote by Q(f). Using Eqs. (04) and ([I0Z) we find
that its orbit in the space of the Dirac operators is the desired one. m

As expected, the cyclic groups Z,(f*?) are subgroups of Q(f). For this reason the
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spinor representation of the group Q(f*) has to be derived from that of Q(f) using
the same method as in the case of cyclic groups.

Hence we conclude that for each isolated unit root f one can define a finite group
Z4(f) which is a subgroup of G ¢ while the triplets f produce more complicated finite
discrete groups, Q(f) C G f: Since the groups Gy and G f cannot be embedded
in a larger group, the product of two operators of the spinor representation of two
different discrete groups is, in general, an arbitrary operator which do not correspond
to a transformation of another discrete group Z4 or Q. In addition, this new operator
could transform the standard Dirac operator in a new operator having different
properties to those of the Dirac-type ones. Therefore when we restrict ourselves to
orbits containing only the Dirac and Dirac-type operators we have to consider only
the discrete groups discussed above [I1].

Finally we note that in any Dirac theory the discrete symmetries due to the
existence of the unit roots appear in association with the transformations of parity
(P) and charge conjugation (C). The form of these transformations depends on
the physical meaning of the theory as well as on the metric signature. In physical
spacetimes My, 1, described by Definition B these transformations can be introduced
in a similar way as in QED [1]. Thus the parity changes  — —x and ¢(x,t) —
709 (—x,t) leaving the Dirac equation invariant. In addition, if there are involved
only Dirac free fields on My.1, we can adopt a type of charge conjugation close
to that of QED. The gamma-matrices of My, satisfy Eqs. () and, consequently,
they must be either symmetric or skew-symmetric. Assuming that there are s +
1 symmetric gamma-matrices, namely 7 and s matrices with space-like indices,
o1, 442 4% we observe that the matrix C = (—1)5707‘5‘17‘5‘2,...,76‘8 has the
convenient properties C~1 = CT = (—1)*C and CH*C~! = (-1)*(y")T. With its
help one can define the charge conjugated spinor ¢ = C@T of the spinor ¥ and
verify that the equation of the free Dirac field remains invariant under the charge
conjugation ¥ — ¢ This transformation is point-independent which means that
the vacuum state could be stable (or invariant [27]) in quantum field theories based
on free field equations invariant under this type of charge conjugation. However, the
above definition of the charge conjugation does not hold in Kaluza-Klein theories
where several space dimensions are used for introducing the interaction.

4 The Euclidean Taub-NUT space

Involved in many modern studies in physics 2], the metric of the Euclidean Taub-
NUT space is a self-dual instanton solution with self-dual Riemann tensor [43), [37]
of the Euclidean Einstein equations without cosmological constant. The Taub-NUT
space is of interest since beside isometries there are hidden symmetries giving rise
to conserved quantities associated to S-K tensors [44]. There is a conserved vector,
analogous to the Runge-Lenz vector of the Kepler type problem, whose existence is
rather surprising in view of the complexity of the equations of motion [45l 6, A7,
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18]. These hidden symmetries are related with the existence of four K-Y tensors
generating the S-K ones [46], 36, 49, [T3, [4]. Three such tensors form in fact a
hypercamplex structure giving the hyper-Kahlerian character of this geometry.

The quantum theory in the Euclidean Taub-NUT background has also interesting
specific features in the case of the scalar fields 48] [T9] as well as for fields with spin
half where our results [8, [[5, [I6] complete the previous ones [60]. In both cases
there exit large algebras of conserved observables [I§] including the components
of the angular momentum and three components of the Runge-Lenz operator that
lead to six-dimensional dynamical algebras [44. [T6), [I8]. Remarkably, the orbital
angular momentum has a special unusual form that generates new harmonics, called
SO(3) ® U(1)-harmonics [19], and corresponding new spherical spinors [8]. These
will enter in the structure of the particular solutions of the Klein-Gordon or Dirac
equations giving the discrete quantum modes of the scalar or spin half particles.
Moreover, in the Dirac theory in this geometry, beside the new Dirac-type operators
there are similar operators as those of the scalar theory but completed with spin
terms that help us to understand the spin effects in Kahlerian manifolds.

4.1 SO(3)® U(1) isometry transformations

The Euclidean Taub-NUT manifold denoted from now by M is a 4-dimensional
Kaluza-Klein space which has static charts with Cartesian coordinates z* (u, v, ... =
1,2,3,4) where 2' (i,4,... = 1,2,3) are the physical Cartesian space coordinates
while z# is the Cartesian extra-coordinate. Taking n = 1 we have to use the three-
dimensional vector notations, # = (x!,22,2%), r = |#| and dI? = di - dZ, for writing
the line element

1
Vi(r)

ds® = di* + V(r)[dz* + AS™(%)dx")?, (112)

defined by the specific functions

1 W uwo uooat
-1 , em __ = Aem — , Aem — 0. 113
r ! 2 rr-4+ad 3 (113)

The real number p is the main parameter of the theory. If one interprets Aem as the
vector potential (or gauge field) it results the magnetic field with central symmetry

, 7
B = i (114)

Other important charts are those with spherical coordinates (7,0, ¢, x) where
r,0,p, are commonly related to the physical Cartesian ones, x*, while the fourth
coordinate x is defined by

at = —p(x+¢)- (115)
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In this chart the radial coordinate belongs the radial domain D, where r > 0 if
> 0orr > |u|if u < 0, while the angular coordinates @, ¢ cover the sphere S?
and x € D, = [0,47). The line element in spherical coordinates is

1
ds® = V(dTQ +1r2d0% 4 r? sin? 0 dp?) + pV (dx + cos 0 dp)?, (116)

since
AT = A" =0, AZ" = p(l —cos0). (117)
The Euclidean Taub-NUT space possesses a special type of isometries which
combines the space transformations with the gauge transformations of the gauge
field A°™(Z). There are U(1); translations 2¢ — 2% = z* + a* which leave the
metric invariant if a? is a point-independent real constant. Moreover, if one takes
a* = a*(¥) an arbitrary function of Z then these become gauge transformations
preserving the form of the line element only if one requires Ae™ to transform as

ANT) — AF(T) = AT(T) — Q0 (7). (118)

Thus it is obvious that U(1)4 is an isometry group playing, in addition, the role of
the gauge group associated to the gauge field Aem. Tn other respects, this geometry
allows an SO(3) symmetry given by usual linear rotations of the physical space coor-
dinates, ¥ — ¥’ = M T with % € SO(3), and the special non-linear transformations
of the fourth coordinate,

®: ot -2t =2+ (R D), (119)
produced by a function h depending on R and Z which must satisfy
h(R'R, T) = (R, RT) + h(R, %), h(l3,7) =0, (120)

where here 13 is the identity of SO(3). Obviously, this condition guarantees that
Eq. ([I9) defines a representation of the SO(3) group. These transformations
preserve the general form of the line element ([12) if Aem transforms manifestly
covariant under rotations as a vector field, up to a gauge transformation, V' being a
scalar. In this way one obtains a representation of the group SO(3) ® U(1)4 whose
transformations,

7 — T =n7 (121)

[ER, a4(:ﬁ)} : = =2t (R D) + D) (122)
Am(@) - Arem(@) = R {A(F) - G (R, 7) + a}(@)]} ,(123)

produced by any % € SO(3) and real function a*(Z), combines isometries and gauge
transformations. Hereby we can separate the isometries requiring that for point-

independent parameters a* the components of the gauge field remain unchanged,
ie. Al = A®". According to Eq. ([Z3)), this condition can be written as

Jh(R, T) = A (T) — R™LA™ (RT) (124)
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defining the specific function h corresponding to the gauge field Aem

Remark 3 The isometry transformations of the Fuclidean Taub-NUT space, x —
t' = ¢ q4(x) are three-dimensional rotations and x* translations that transform
r = (Z,2%) into 2 = (&',2'*) according to Eqs. ([IZ1) and [IZA) restricted to
point-independent values of a*, while the function h is defined by Eq. (IZ4).

These transformations form the isometry group (M) = SO(3) ® U(1)4 of the Eu-
clidean Taub-NUT space M, the universal covering group of which is the external
symmetry group S(M) = SU(2) ® U(1)4. What is remarkable here is that the rep-
resentation of I(M) carried by M mixes up linear transformations with non-linear
ones involving the function h.

The study of this type of representation is important since it governs the trans-
formation laws of the vectors and tensors under isometries that are the starting
points in deriving conserved quantities through the Noether theorem. However, the
properties of the isometries will be better understood if we know the analytical ex-
pression of the function h. This may be found combining the integration of the
equations ([24]) with some algebraic properties resulted from the condition (T20).
The main point is to show that the transformation rule (II9) of the fourth coor-
dinate of M is given by a representation of the isometry group induced by one of
its subgroups. We recall that the SO(3) subgroup of I(M) has three independent
one-parameter subgroups, SO;(2), i = 1, 2,3, each one including rotations R;(«), of
angles a € [0,27) around the axis i. With this notation any rotation R € SO(3) in
the usual Euler parametrization reads R(«, 3,7) = Rz()R2(8)Rs (7).

We start with the observation that the special form of the gauge field (T3 does
not depend on z? and has a special form such that all the rotations of the subgroup
SO5(2) satisfy

R3 A (Z) = A (R3d), VYR3 € SO5(2). (125)

In these conditions we adopt
Definition 16 The subgroup H(M) = SO3(2) @ U(1)y C I(M) is the little group
associated to A™.

In what follows we are interested to exploit the existence of the little group focusing
on the rotations R3 € SO3(2). According to Eqs. (IZ4) and (ZH) it results that

h(Rs, T) = h(Rs) (126)

is point-independent being defined only on SO3(2). Then the condition ([20) be-
comes A ) )
h(R3M3) = h(R3) + h(Ry), YV Ry, Ry € SO3(2), (127)

which means that the set {i(%R3)|Rs € 503(2)} forms a one-dimensional represen-
tation of the SO3(2) group provided h(1l3) = 0. This representation is non-trivial
(with h(R3) # 0 when R3 # 13) only if we assume that

~

h[R3(a)] = const. «. (128)
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These properties suggests us to write the function A using rotations in the Eu-
ler parametrization and the chart with spherical coordinates where the differential
equations could be simpler since h(R, Z) = h(R, 0, ¢) does not depend on the radial
coordinate 7.

Theorem 21 In the chart with spherical coordinates the solution the system (1Z24)
with the condition ([IZ3) reads

hR(e, 8,7),0,¢] = —pla+7)
9 arctan Cotgcing(“p_to?wﬂ) , (129)
for any % € SO(3).
Proof: According to Eqs. ([2H) and (I[27), we can write
hR(e, 8,7), 8 = h[%s(a)] + h{R2(6)R3(7), 7]
= h[R2(8), R3(7)@] + h[Rs(a + )], (130)

pointing out that the central problem is to integrate the system (I24]) in spherical
coordinates for the particular case of 8 = R (). Denoting h[R2(5), ] = h(5,0, ),
after a few manipulation we find that Eqs. ([24]) are equivalent with

sin ¢ sin 3

h(G,0 = — 131
%oh(B,6, ¢) 'u1+cost9 cos 3 —sinf cos p sin 3’ (131)
(1 —cosf)(1— cos ) —sinf cos g sin 3

1+ cos 8 cos 8 — sin @ cos ¢ sin

9.h(B,0,¢) (132)

The integration of this system gives h(3,6,1) up to some arbitrary integration
constants resulting from Eq. [Z8)) with const. = —pu, as it is shown in Ref. [20]. m

The last step here is to show that the function h(fR,0,¢) can be easily found
by using the technique of induced representations in the chart with spherical co-
ordinates (r,0,p,x) where 6 and ¢ are the Euler angles of the rotation giving
T =NR(0,¢,0)Z, from ¥, = (0,0,7). After an arbitrary rotation R(«, 3,7) € I(M)
we arrive to the chart with the new coordinates (r,6',¢’, x') among them the first
three are the spherical coordinates of the transformed vector

' = R,0,0)Z, = R(a, B,7)T
R(a, B,7)R(p,0,0)Z, . (133)

In this context the previous theorem allows us to understand the meaning of the
transformation rule of the fourth spherical coordinate [20].
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Corollary 10 The spherical coordinate x transforms under rotations according to
a representation induced by the natural representation of the group SO3(2) C H(M)
such that the transformed spherical coordinates satisfy

R, 0, X') = R, B,7)R(p, 0, x) » (134)
for any R(a, B,7) € SO(3).

Proof: If we assume that this is true we find the transformation rule of the induced
representation

Ra(x' —x) = R, 0,0)R(e, B,7)R(e,6,0)
R — a,6,0)Ra(B)R( +7,6,0) . (135)

Furthermore, we express this equation in terms of SU(2) transformations corre-
sponding to all the particular rotations involved therein and calculate the trans-
formed coordinates and

h(R,0,9) = —pu(X' + ¢ —x —¢), (136)

that is just the function h given by Theorem BTl m
Thus we have shown that the transformation law of the fourth spherical coordinate
is given by the induced representation ([30).

4.2 The angular momentum and related operators

In the quantum theory on the Fuclidean Taub-NUT background the basic operators
are introduced using the geometric quantization. Now when we know the closed form
of the function h we can calculate directly the components of the Killing vectors
and the generators of the natural representation of the isometry group using only
group theoretical methods.

The generators of the natural representation of I(M) are the (orbital) differential
operators (f2). They can be calculated starting with a set of parameters £* and the
functions ¢ 41 = ¢¢(x) = 2'(, &) that give the Killing vectors k, according to Eq.
@@). In the case of our isometry group we take the first three parameters, £, the
Cayley-Klein parameters of the rotations |(£) € SO(3) and we denote &4 = a*.
Then we find that the generator of the U(1)4 translations is the fourth component
of the momentum operator, Py = —i04 since k:é 0y = 0 and k‘?‘4) =1.

Theorem 22 The SO(3) generators of the natural representation are the compo-
nents of the orbital angular momentum operator:
1

Ll = —i($283 — .1'3(92) + z,u H—x?)azl s
.3 1 . a?
L2 = —z(a: (91 — X (93) + (7% m@;l, (137)

Ly = —i($182—x281)+i,u84.
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Proof: The first terms of the angular momentum correspond to the usual linear
transformation #' = ¥ giving the components kfj) = Eijkazk of the first three
Killing vectors in the basis of the Cartesian natural frame. The contributions due
to h have to be calculated according to Eqs. (@) and (T9) starting with

ﬂh(ﬂﬁ,(ﬁ)' _ sin @ sin ¢ (138)

0B 50 —H 1+cosf

Then, denoting ¢2 = 3 for « =~ = 0 and &3 = a for f = v = 0 and using a simple
rotation of angle 7/2 around the third axis we find

Oh(R, T)

4 rl? 4 Oh(R, T)
k(2 = DEL2 = =

_E SLACATY 139
o 3 3) 28 ey H (139)

Finally from Eq. (2) we obtain the operators ([I37) corresponding to the Caley-
Klein parameters £'. m

In the Cartesian charts one can choose a diagonal gauge suitable for physical
interpretation. This is given by the gauge fields é* and e4 having the non-vanishing
components [51]

: 1
= by, o= VAT, =V,
1

i 4 _ em 4 __
%—\/V(SU, ei —_\/VAZ 3 64—\/—V7

in the natural Cartesian frame. This gauge fixing defines local orthogonal frames
where the Killing vectors k(;) yield by the previous theorem have the components

(140)

; 1 k 4 x!
k«’zj) = ﬁ&'jkfﬂ ) k(i) = _,U7\/Va (141)
which covariantly transform under linear SO(3) rotations. This behavior is rather
surprising in view of the fact that the fourth coordinate transforms under rotations
according to the induced representation ([ZZ). The explanation of this remarkable
phenomenon is given by

Theorem 23 In the local frames of the Euclidean Taub-NUT space defined by the
gauge (IZ0) the representation vect[S(M)] of the group S(M) = SU(2) ® U(1)4 is
just the linear fundamental representation of the group I(M) = SO(3) @ U(1)4.

Proof: The representation of the U(1)4 translations is anyway the usual one such
that the problem here is to calculate the behavior under rotations. Starting with the
isometries ¢z = ¢m(§),a4=0 and (Ag, QSg) € SU(2) C S(M) and using Eqgs. ([24]) and
(), we find that the matrices defined by Eq. [d]) are point-independent having

the non-vanishing matrix elements A’ ][Ag($)] = mw(f) and A,44'[Ag(3:)] = 1. Thus
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we see that in the local frames given by this gauge the fourth component of any
vector behaves as a scalar under rotations. m
We specify that here it is crucial to consider the group S(M) instead of I(M)
since only the transformations of the external symmetry group preserve this gauge
showing off the SO(3) symmetry as a global one.

In this context one can correctly define the three-dimensional physical momen-
tum P whose components in the above defined local frames are

P = —i(8; — AT8y) (142)

1
: hg
—i—=c€; 0, =
\/v 1 M
obeying [P;, Pj] = igij By Py, [P;, Py] = 0 and [L;, P;] = ig;j;, P, which indicate
that P behaves as a vector under rotations. In addition, the angular momentum
can be written in covariant form as

L=%xP—u=P. (143)

3|8

The scalar quantum mechanics in the Taub-NUT geometry [48] is based on the
Schrédinger or Klein-Gordon equations involving the static operator
v 5 2 1 2
A=-V,g"V,=VP + VP4 , (144)
which is either proportional with the Hamiltonian operator of the Schrédinger theory
or represents the static part of the Klein-Gordon operator [I§]. In both cases we are
interested to find operators commuting with A since these give rise to the conserved
quantities with physical significance.
The Euclidean Taub-NUT space is a hyper-Kéahler manifold possessing a triplet
of real unit roots (i.e., a hypercomplex structure), f = {f(l), @, f(3)}, defined as

FO = fOe0 N 6B =26 Nt — gl A eb (145)

In addition, there exists a fourth K-Y tensor,
P Y aeh = T 2
ap r

e &N ek (146)

which is not covariantly constant. The presence of f¥ is due to the existence of the
hidden symmetries of the Euclidean Taub-NUT geometry which are encapsulated
in three non-trivial S-K tensors and interpreted as the components of the so-called
Runge-Lenz vector of the Euclidean Taub-NUT problem. These S-K tensors can be
expressed as symmetrized products of K-Y tensors [14] T3],

Booy o, Y piny , L
k(i)uu = Z( u)\f( 1)/ + f l/)\f( L ) + ﬂ(k(@uk(z)u + k(4)l/k(z)u) ) (147)
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and with their help one defines the vector operator

~ 1_ - 1/ - - = Z (1

_ _ = v I _ (A - p2

K = V"V, =3 (PxL-LxP) I <2A P4) , (148)
which play the same role as the Runge-Lenz vector operator in the usual quantum
mechanical Kepler problem [8]. This transforms as a vector under the rotations of
vect[S(M)] such that one can write the following complete system of commutation
relations

[Li, Lj] = ey Ly,
[Li, K] = igijp Ki, (149)
(Ki, K;] = ieijx LiB?,

where B2 = P;2—A. The operators L; and K; commute with B since they commute
with A and P4. In addition, we observe that the new operators

- S 2 2 - o
01:L2BQ+K2:“Z(B2+P42) ~ B2, Cy=L-K=0,  (150)

play the role of Casimir operators for the open algebra ([Zd). We recall that K*
commute with A grace to the factorization ([ZZ) which eliminates the quantum
anomaly.

When one goes to the chart with spherical coordinate a special attention must be
paid to the meaning of Eq. ([[IH]) which shows that the fourth spherical coordinate
X is translated with the angular coordinate ¢. This translation is rather unusual
being performed by the unitary operator

U(p) = e, (151)

where P, = —uP, = —i0, replaces the Cartesian operator P;. Since the differential
and local operators are defined often in the coordinate representation of a given
chart, we must take care when we change the chart.

Remark 4 The coordinate representation of the Cartesian chart must be trans-
formed into the equivalent coordinate representation of the spherical chart trans-
forming each operator X defined in the Cartesian chart into the equivalent operator

X = U() XU () (152)
of the spherical chart.

Thus, for example, the components of the orbital angular momentum ([[37)) in the
spherical chart and canonical basis (with Ly = Lj +iL9) become

L = —ig,, (153)
; 1
sph — :I:up . _
LY} e [:I: Op +1 (cot 00, ] 8)()} . (154)
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Many other operators including the Runge-Lenz vector will take new forms in the
representation of the spherical coordinates but preserving their commutation rela-
tions. However, in current calculations when we do not work simultaneously with
both these representations of the operator algebra we drop out the superscript above,
denoting the equivalent operators with the same symbol.

4.3 Scalar quantum modes and dynamical algebras

The special form of the SO(3) generators (53] and ([I54]) leads to new spherical
harmonics that permit to separate the spherical variables in the static Klein-Gordon
equation, AU = E%4p, giving the eigenfunctions of the operator A which repre-
sents the squared Hamiltonian operator of the relativistic theory of the scalar field
without the explicit mass term.

Definition 17 The central regular modes of the scalar field on M are given by the
eigenfunctions of the complete set of commuting operators {A, Py, L, Ls}.

The corresponding eigenvalues E2, ¢, (I + 1) and m determine the eigenfunctions
1
Uh (20,0, %) = ~f5.2() Y5, (0,0.%) . (155)

which have separated variables.

Definition 18 We call SO(3)®U (1) spherical harmonics the functions Y}‘fm defined
on the compact domain S? x D,., which satisfy the eigenvalue problems

i, = +1)vs,, (156)
Ly, = mYQ, (157)
Y5, = aYi,, (158)

and the orthonormalization condition

/ 471— * /
(Vi Y = [ dtcos0)do [ a7, (0,007 ¥ 0,000
= 5l,l’5m,m’5q,q’ . (159)

These functions form a basis of the Hilbert space of square integrable functions on

52 x D, since the set of commuting operators {E 2, L3, P} is complete in this space.

In Ref. [19] we pointed out that the SO(3) ® U(1)-harmonics, are new spherical
harmonics. The usual boundary conditions on S2 x D, require [ and m to be integer
numbers and ¢ = 0,+£1/2,+1,... [A8] but, in general, ¢ can be any real number.

Solving Eqs. ([[57)) and (I58)) we get

1 . .
Yin(6:0,X) = 1~ 0], (cos f)e™ e, (160)
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where the function ©f = must satisfy Eq. (I5f) and the normalization condition
1 2
/ d(cos 6) ‘@?m(cos 9)‘ =2, (161)
—1 ’

resulted from Eq. ([2J). This problem has solutions for all the values of the quantum
numbers obeying |¢| — 1 < |m| <[ when one founds [19]

VATI[ (- |mDI(I+]|m])! 12
q _
Otm(cost) = 2lml [P(l —q+ DT +q+ 1)} (162)
X (1 —cosf) o (1+ cosb) e Pﬂ’ﬁgq |m|+q)(cos 0).

For m = |m| the SO(3) ® U(1) harmonics are given by ([[60) and (I62) while for
m < 0 we have to use the obvious formula

v, =0 () (163)

When the boundary conditions allow half-integer quantum numbers [ and m then
we say that the functions defined by Eqs. ([[60) and ([I62) (up to a suitable factor)
represent SU(2) ® U(1) harmonics. Thus we have obtained a non-trivial general-
ization of the spherical harmonics of the same kind as the spin-weighted spherical
harmonics [52] or those studied in [63]. Indeed, if I, m and ¢ = m/ are either integer
or half-integer numbers then we have

V21,

}/I%(ev(p’X) = An Dm,m’((pveaX) ) (164)

where Dﬁn’m, are the matrix elements of the irreducible representation of weight [
of the SU(2) group corresponding to the rotation of Euler angles (p,6,x). What
is new here is that our harmonics are defined for any real number ¢. For this
reason these are useful in solving some actual physical problems [54]. Notice that
similar spherical harmonics were used recently in [55] under the name of ring-shaped
harmonics.

Turning back to the scalar modes on M and using the identity

_ 2 1oy 1
P?=_-9% - ~0r+ T—L2 — T—P2 (165)

we find that the radial wave functions § satisfy the radial equation

2 I(l+1) a
T dr? ( 2 = | TEa(r) = ~b?fp,qa(r), (166)

whose parameters a = [E2 — 2@2} and b? = §% — E? depend on the eigenvalues of
Py denoted by ¢ = —q/u. Notice that here b? is the eigenvalue of the operator B2
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for given FE and q. Looking for the particular solutions of the radial equation on the
non-compact domain D, we have to select either square integrable functions with
respect to the radial scalar product [19]

o= [ d
(FB.q0, FE.q.0) /D r

T

1+ %‘ PB,q1 (1) Fer,q0(7) 5 (167)

or solutions that behave as tempered distributions on D,. One obtains thus a
Kepler-like problem similar to the well-known one of the non-relativistic quantum
mechanics, the only differences being the parametrization and the form of the scalar
product. The particular solution of Eq. ([I66) can be written in terms of the con-
fluent hypergeometric function as

PB.qi(r) = Npgir e 2 F(s, 20 +2,2br), s=1+1— 2% : (168)
where Ng ,; is the normalization constant. It is easy to show that for p > 0 the
radial wave functions are not square integrable and, therefore, the energy spectrum
is continuous in the domain F > |¢|. The case of p < 0 is most interesting since
beside the mentioned continuous energy spectrum there is a discrete spectrum for
a > 0 and b> > 0 when 0 < E < |G|. Indeed, then the quantization condition
s = —ng n, =0,1,2,... gives the usual formula a = 2n|b| where n = n, + 1+ 1 is
the principal quantum number. Hereby one finds the energy levels

E,? = % [m/n2 —q2 — (n® - q2)] ) (169)

for all n > |q| > 0 [48]. This spectrum is countable and finite since lim,,_, o E, = §.

Remark 5 The condition E > 0 guarantees that there are mo zero modes and,
therefore, the operator A is invertible.

Another problem is to define the generators of the dynamical algebras corre-
sponding to different spectral domains. This can be done as in the case of the
standard quantum Kepler problem rescaling the operators K; in order to close up
the commutation relations ([49)). For given values of E and § the rescaled operators

B7K; for p<0 and FE <|q|
K/°=1{ K; for any g and E =|q| (170)
+iB~'K; for any p and FE >|{|

and L; (i = 1,2,3) generate either a representation of the o(4) algebra for u < 0 and
discrete energy spectrum or a representation of the o(3, 1) algebra for the continuous
spectrum in the domain F > |g|. A special case is that of the dynamical algebra e(3)
which corresponds only to the ground energy of the continuous spectrum, E = |§|.
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In general, the dynamical algebras may help us to analyze the structure of the spaces
of the eigenvectors of A seen as carrier spaces of several irreducible representations
of the dynamical algebra. For example, in the case of the discrete energy spectrum
the so(4) dynamical algebra generated by L; and K!® = K;B~! has the Casimir
operators C1¢ = C,B~2 = L2 + (K"®)? allowing the eigenvalues ¢; = n? — 1 (with
n > |q|) and C5¢ = C4B~! = [ - K™ = 0, as it results from Eqs. ([5). Thus the
eigenspace of the energy level E,, appears as the carrier space of the unitary and
irreducible representation of so(4) having the su(2) weights (251, 251). However,
for the dynamical algebras so(3,1) or e(3) the problem is more complicated since
their unitary representations are no longer finite-dimensional.

Finally we note that there are other interesting scalar modes that do not present
central symmetry. Thus we have show that the complete set of commuting opera-
tors {A, Py, K3, Lg} gives azial modes that can be completely solved in parabolic
coordinates [T9]. The discrete axial modes are determined by the set of eigenvalues
E,2,q, k and m that depend on the integer numbers n;, ny = 0,1,2, ... and m (obey-
ing |m| > |g| — 1) which give the principal quantum number n = ny + ng + |m| + 1
and the eigenvalue k = |b|(ny — ny — ¢) of the operator K.

4.4 Conserved Dirac and Pauli operators

For building the Dirac theory we consider the Cartesian chart, the usual four-
dimensional space of the Dirac spinors, ¥, and the Dirac matrices 7%, that satisfy
{72, 4P} = 26,5, in the following representation

i 0 a; 4 0 12

where o; are the Pauli matrices. In addition we take v = 1 and denote by +° =
Y142~434% = diag(1s, —13) the chiral matrix (v> = 4°* = F) which is just the
matrix 7 of the Kaluza-Klein theory explicitly depending on time [§]. In this
representation adopted here all the gamma-matrices are self-adjoint with respect to
the Dirac adjoint (X = X ) and the Euclidean metric is of positive signature for a
pure space-like manifold. Therefore, it is convenient to change some phase factors
of the operators we define here as indicated in Remark [l

Let us start with the standard Dirac operator without explicit mass term defined
now as D =~v*V,, [8 [[5]. This is related to the Hamiltonian operator [8, [16]

- 0 oF _ 0 Vﬂ'*#
H—’YD—<a 0 - \/VTF 0 ) (172)

that, after a little calculation, can be expressed in terms of 7 = op — iV 1P, and
7 = op + iV 1P, depending on op = & - P. These operators obey

A=ac'a=Vr'r. (173)
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We specify that here the star superscript is a mere notation that does not coincide
with the Hermitian conjugation at the level of the Pauli operators which enter in
the structure of the basic Dirac operators. The Hamiltonian operator that is the
central piece of the Dirac theory has remarkable properties.

Theorem 24 The spectrum of the Hamiltonian operator coincides with the energy
spectrum of the operator A.

Proof: From Egs. () and (Z3]) we see that the eigenvalue problem Hyp = Evg
is solved by the Dirac spinors g = (ug, E"'aug)? if the first Pauli spinor ug
satisfies Aup = F?up. Consequently, E is an eigenvalue of H only if E? is an
eigenvalue of the operator A. m
The main consequence is that the operator H is invertible since there are no zero
modes.

The operators we intend to study here are operators of the Dirac theory which
commute with the Hamiltonian operator ([CZ2).

Definition 19 We say that the Dirac operators which commute with H are con-
served.

We denote by D = {X |[X, H] = 0} the algebra of the conserved Dirac operators
observing that they can be related to Pauli operators commuting with A which form
the algebra P = {X | [X, A] = 0} where we include the orbital operators having this
property. All these operators are considered as conserved operators in the sense of
the Klein-Gordon theory. Notice that the Pauli operators are interesting here since
they are involved in different versions of the dyon theory [56] which may be compared
to our approach.

Theorem 25 The Pauli blocks, X (ab) (a,b=1,2), of any operator

£y (2
X = ( ben xe | €D (174)

must satisfy the conditions X@) = o XU2DqA-1 gnd X(ll), X(12)a, a* X e p.

Proof: From [X, H] = 0 it results the equivalent system

X g =X X = x(U)g* (175)
X12q = a*XC) | oX012 = xC@Hox (176)

giving XV and (XD A] = [X(Pa, A] = [@*XCD Al =0. =
We observe that possible solutions of Eqs. ([[IZ8) and (IZ6)) are the diagonal operators

D(X) = < )g aXAO_la* ) ’ (177)
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where X € P. Particularly, for X = 1, we obtain the projection operator

I=D(1y) = ( 102 aA(_)la* ) : (178)

on the space ¥p = I'¥ in which the eigenspinors 5 of H form a (generalized) basis.
This projection operator splits the algebra D = Dy ® D; in two subspaces of the
projections X1 € Dy and X(1 —1) € Dy of all X € D.

Theorem 26 The subalgebra D4 is an ideal in D.

Proof:  According to Eqs. ([70)) and ([I70) we find that the projections of two
arbitrary operators X, Y € D satisfy (XI)(YI) = (XY)I and [X(1 - 1)|(YI) =0
which lead to the conclusion that Dj is a subalgebra while Dy is even an ideal in
D. Obviously, I is the identity operator of Dg. m

In [8] we introduced the Q-operators defined as

wn-ln(S)(% 7)o

where X may be any Pauli operator. However, if X € P then QX ) € Dy since
[Q(X),H] = 0 and Q(X)I = Q(X). If X = 15 we obtain just the Hamiltonian
operator H = Q(13) € Dy. Consequently, the inverse of H with respect to I can be
represented as H~! = Q(A~!). The mappings D : P — Dy and Q : P — Dy are
linear and have the following algebraic properties

DX)D(Y) = DXY), (180)
QX)Q(Y) = DXYA), (181)
D(X)QY) = QX)D(Y)=Q(XY), (182)

for any X, Y € P. Moreover, the relations [y?, D(X)] = 0 and {7°, Q(X)} = 0
show us that, according to the usual terminology [57], D and v°D are even Dirac
operators while @ and ’y5Q are odd ones. We note that there are many other odd
or even operators which do not have such forms.

Since [ is the projection operator on the space of the Dirac spinors ¥p we adopt

Definition 20 We say that the projection I X1 of any Dirac operator X represents
the physical part of X.

One can convince ourselves that if X € D then
IXIT=XI=D(XW) + o(XWaA~ly, (183)

which means that all the operators of Dy can be written in terms of D or Q-
operators. Thus the action of X reduces to that of the Pauli operators involved
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in (I83) allowing us to rewrite the problems of the Dirac theory in terms of Pauli
operators [I5, [16]. Indeed, it is easy to show that the action of any operator X € D
on Yp € ¥p is

75E(X) Ug
Xop = XIpp = . 184
Ve Ve ( ElaPp(X)ug ) ’ (184)
where, by definition,
Pp(X) =X 4 p71X02q e P (185)

is the Pauli operator associated to X. Since the mapping Pr : D — P is linear
and satisfies Pg(X) = Pr(XI) it results that Ker Pg = D;. In other respects, Egs.
([A) and (I7G) lead to the important property

Pe(XY) =Pr(X)Ps(Y), VX,YeD. (186)

which guarantees that Py preserves the algebraic relations, mapping any algebra or
superalgebra of Dy into an isomorphic algebra or superalgebra of P, with the same
commutation and anticommutation rules.

The conclusion here is that only the diagonal conserved Dirac operators can be
correctly associated to conserved Pauli operators independent on E. However, the
off-diagonal operators can be transformed at any time in diagonal ones using the
multiplication with H or H~'. For example, H itself which is off-diagonal is related
to the diagonal operators H? = D(A) or I. Thus each Dirac operator from D can
be brought in a diagonal form associated with an operator from P.

4.5 The operators of the Dirac theory

The simplest operators of D which commute with H, D, and +° are the generators
(E0) of the representation spin[S(M)] carried by the space . As observed before,
the expressions of these operators are strongly dependent on the gauge fixing.

Theorem 27 In the gauge (IZ0) the spinor fields transform manifestly covariant
under the transformations of the group S(M) = SU(2) @ U(1)4.

Proof:  Using the components of the Killing vectors given by Theorem and
calculating the functions (BII) we find that in this gauge the rotation generators of
spin[S(M)] are the standard components of the total angular momentum

Ji=Li+Si, Si= e85 = jdiag(0i, 04), (187)

with point-independent spin operators, [§]. In the same way one can show that the
U(1)4 generator, Py, does not get a spin term. m

Hence it results that the representation spin[S(M)] is reducible being a sum of two
irreducible representations carried by spaces of two-dimensional Pauli spinors where
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the components of the total angular momentum are J; = L; + %ai. This means that
we can put

JiI =D(J;) = D(L;) + 3D(0y) , (188)

where both the orbital and the spin terms separately commute with H since L; and
o; commute with A.
The triplet f defined by Eq. ([[Z3) gives rise to the spin-like operators

@ _ tp@).ap_ (0 0
and, according to Eq. ([f0l), produce the Dirac-type operators [§]

DO = —§(0) 79" = i[D, 2] = —i( a0 ) =-iQe),  (190)

which anticommute with D and +°. The operators D and D, i = 1,23, form
the basis of the N' = 4 superalgebra d fC Dq with the same anticommutation
relations as Eq. (@8). According to the general theory presented in the previous
section, the spinor representation the of group (G f) ~ SU(2) is generated by the
operators §; = %E(i) satisfying the commutation rules [8) and [J;, §;] = ieg;;x5%.
They generates the SU(2) matrices (§9),

r=ces=(U0 1), o

where §= a7 ( 72 = 1) and U is the SU(2) transformation

U(p) = "% = 1ycosa — iV - Gsina. (192)

These matrices give the transformations ([@2) and (@3]). Furthermore, we have to
construct the group Aut(df) = Uect(Gf) ® Of where O_f is the group of the
real-valued orthogonal matrices defined by Eq. ([@8). Using the results of Theorem
23 it is straightforward to calculate these matrices in the gauge ([40) obtaining
R(¢) = MT for any isometry ¢¢ = ¢ qt- This explains why D' behave under
rotations as vector components while D remains invariant. In other respects, from
Eq. (™) we find that the discrete transformations of the group Q(f) are 1, 4 and
the sets of matrices Uy, = diag(ioy, 12) and ’y5U(k).

In current calculations, when we are not interested to exploit the N = 4 super-
algebra, it is indicated to use the simpler operators

Qi =iH'DY = H'Q(0;) = D(0), (193)
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instead of D(®). However, in this case the fourth partner of the operators Q' is rather
trivial since this is just I. Therefore, these operators form a representation of the
quaternion units (or of the algebra of Pauli matrices) with values in Dy,

Qi Qj = 641 +ig;jQy (194)

producing an evident N' = 3 superalgebra.

The corresponding Dirac-type operator of the last K-Y tensor, fY, calculated
according to the general rule (G6) with a suitable phase factor (i), was obtained in
[15]. This has the form

DY = —Q(o,) + % < _OA 8 ) : (195)

where the Pauli operators o, =& - Z/r and A = & - (¥ x 13) +1y=o0p+ 1o+ po,. Py
have the properties

N
{or A} =0, [ov,op] = =, (196)

Jp)\:—)\ap:%&-(ﬁxf—ﬁxﬁ)—%)\ﬂ, (197)

that help one to find the equivalent forms reported in [I5] and verify that DY
commutes with H and P; and anticommutes with D and v°. Moreover, after a little
calculation, we obtain the remarkable identity

1Py [DY + Q(O‘r)} = {H [\} , (198)

involving the operator A = diag(A, \) that is a particular version of an operator
proposed by Biedenharn [58]. This is not conserved but A2 = 72 — 2P + %1 has
this property. Furthermore, we observe that, according to Eq. ([[97), the physical
part of DY can be put in the form

DYI=0Q <_0r + %)mA_l> = Q0" AT, (199)

where

oY = % ok + (01 + 12)P4] (200)

is a new conserved Pauli operator associated to
QY = HDY = HDYI = D(¢") € D,. (201)

We note that the Pauli operators o, = 7 - L and oK = 0 - K are conserved and
satisfy
{O'K, 0L+12} =0, {O’r, O'L—l-lg} = —2uPy. (202)
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As in the case of the Klein-Gordon theory, we can define the components of the
conserved Runge-Lenz operator of the Dirac theory [I5], [[6] giving directly their
physical parts,

K1 = % {HDY, H 1D} + %(B — P)H™'DO — 7.IP; (203)

where B> = P2 — H?. Since B*I = D(B?), we can express

A

KiI = D(K;), Ki:Ki+%BeP. (204)
Furthermore, we obtain the following commutation relations

[L7i7 t7]] = ieijkjkv
(T, Kj] = igijnKy, (205)
iy Kj) = ieijn BB,

and the commutators with the operators @; [1§],
(T, Qj] = icijnQk , [Ki, Qj] = icijuQrB. (206)
Other useful operators related to K are Ci = j 2B2 + /62, Cy = j K as well as
Q=27 -K-1B, (207)
the physical part of which is
QI = gHQY + (B~ P)D(or, + 1) = D[ok + (o1, + 12)B] . (208)

These operators represent Casimir-type operators for the open algebra 05, the
last one obeying the simple algebraic relations,

@ Ji] =0, [@QK]=0, {QQi}=2Ki+TB)I, (209)

and the identities

2
Q% = %(Pf +B%)?, C=Q*+BQ - 332, (210)

resulting from Eqs. ([20) and 208).
We conclude that the conserved operators of the Dirac theory can be associated

with conserved Pauli or Klein-Gordon operators produced by the same geometrical
objects. A brief image of these relationships is given in the table below.
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geometric nature symmetry Dirac Pauli Klein-Gordon
object operator operator operator
SV) K-Y tensor * Q; o -
;3; K-Y tensor * QY oY -
k'&) K vector U(1)4 Py Py Py
k‘é‘i) K vector SO(3) Ji Ji L;
kY S-K tensor hidden K; K; K;

(@)

Now we may ask how could be organized this very rich set of conserved Dirac
operators. There are many commutation and anticommutation relations that can-
not be ignored such that it seems that the suitable structure may be a superalgebra.
The main pieces here are the operators ); generating an usual N’ = 3 superalgebra
and the operators J; and K; giving dynamical algebras under suitable rescalings.
However, if one embeds only these operators, without taking into account the oper-
ator (), one restricts to a particular superalgebra which seems to be rather trivial.
On the other hand, this operator obey the Egs. (ZI0) that lead to complications
which cannot be removed by an usual rescaling, similar to that used in the scalar
theory. This suggests us that the suitable algebraic structure involving all the above
ingredients may be an infinite loop superalgebra constructed as in [59].

Here we propose a version of a such superalgebra as an argument for further
investigations of the new types of infinite algebraic structures [60]. Let us start with
the definitions of the bosonic operators

I,=B"1, J. =ZB"I, K!=KB"I, (211)

and the supercharges of the fermionic sector
Qn =QB"I, Qi = QiB"I, (212)

for all n = 0,1,2,.... Then, according to Eqs. Z8) and (ZI1]), we obtain the
following commutators of the bosonic sector

I, In] =0, [J:;, Jg;} = igijp b (213)
AR i K| = iein KR (214)
[In,K;'n} -0, [K;,KM = igijpdE e (215)

while from Eqgs. ([[34) and (209) and we deduce the anticommutors of the fermionic
sector,

{Qn, QLY = 20iLnim, (216)
{@n, Qn} = 2K + Jigmt) s (217)
{Qna Qm} = COIn—i-m + Clln+m+2 + C2In+m+4 5 (218)
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where - )
I 242 X

2 ) CL=uq, 02:7 (219)

are the structure constants resulted from Eq. (ZI0) when the eigenvalue ¢ of Py is
fixed. The commutations relations between the bosonic and fermionic operators are

Cy =

[QmIm] =0, [ imlm] =0, (220)
[Qm Jrjn} =0, [ iw ijn] = iEiijfL+m ) (221)
QK] =0, [Q Kf] = i@ - (222)

From this infinite loop superalgebra one can extract the algebras or subalge-
bras one needs, including the dynamical algebras governing the quantum modes
corresponding to the different spectral domains of H.

4.6 The quantum modes of the Dirac field

The large collection of conserved observables we dispose will help us to select many
different complete sets of commuting observable which should define new types of
static quantum modes. Here we restrict ourselves to discuss only the sets including
the operators H and P, (or P,) for which more three operators are needed in
order to completely determine the quantum modes with given energy £ > 0 and 4.
These operators can be selected at the level of the associated Pauli operators since,
according to Theorem P4 the eigenvalue problem Hvyp = Eig is solved by the
spinors g = (ug, E"'aug)? where ug satisfy Aug = E*up. Therefore, in order
to well-define the Pauli spinors ug we have to chose, in addition, three operators
from P which will complete the set of the commuting operators allowing ug as
common eigenspinors. In this way the problem is solved since the second Pauli
spinor of g is E~'aug. The last step is to identify the operators from D whose
physical parts form the set of commuting Dirac operators associated to the Pauli
ones.

In what follows we shall define many types of quantum modes with given energy
starting with the simplest ones for which up has separated variables.

Definition 21 We say that the common eigenspinors of the set of commuting opera-
tors {H, Py, J*, J3, Q(or+12)} corresponding to the eigenvalues E, q, j(j+1), m;
and +E(j + %) define the simple central modes.

Therefore, ur must be the common eigenspinor of the set {A, P,, J—Q, J3, op + 19}
corresponding to the eigenvalues E?, ¢, j(j + 1), m; and +(j + %)

This problem can be solved only defining new spherical spinors involving our
previously presented SO(3) ® U(1) spherical harmonics [§]. Following the tradi-

tional method [07] we defined the spherical spinors @;E,jmj(H, ©,X) as the common
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eigenspinors of the eigenvalue problems

Pe@im, = 0 m, (223)
POy = GG+, (224)
T3 @ im, = 5P, (225)
(00 +12) O3, = £ +1/2) 8, - (226)

These spinors are, in addition, eigenfunctions of L2 corresponding to the eigenvalues
I(l+1) with I = j =+ 5. For j =1+ 3 > |q| — § we have [57, 9]

Vit+tmY?!
ot — [ VT gy (227)
eimi g\ i mi Y, ]
.7 vaj"’_g
while for j =1 — 1 > |¢| — 3 we get
Vi—m; +1Y!
o =L (VT s ) (228)
VR VI m LY

These spherical spinors are orthonormal since the SO(3) ® U(1) harmonics are or-
thonormal with respect to the angular scalar product [I5d). From the second of
Eqs. [202) it results the useful property

+ — 9 5t / q T
UT@q,jﬂnj — :t)\] (I)q,j,mj + 1 - ()\])2 (I)q,j,mj 3 (229)

where \J = q/(j + 3). Note that a similar formula is reported in Ref. [61].
The energy eigenspinors of the simple central modes can be expressed in terms
of these new spherical spinors as [§]

+
,l/}:t . — u£7q7j7mj
+

N 1 ficj 0.7 2aj mj (230)
= NBqj | - o7, (23
Yy BTN (05,0 i, + 9.0 O

qvjymj
where the radial functions f% 0 = fBql. are the solutions of the radial equation

(@64l for l =1L =5 F % The other radial functions have to be calculated using Eq.
E29) and taking into account that

1 1\ 1
iop =0y (8r+——JL+ >+—PX. (231)
T T r
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In this way we obtain the equations

d _j+3
+ +
8B4 1- ()‘3)2 <_% + r 2) FE,q.5 (232)
d j+3
+ _ 4 P ==
bbai = N <3F$ MY ) .05 (233)
which lead to the identity
+ q .+ A +
bpg i = —Fho T —————0p5, 234
E7q7.7 ,u/ E7q7.] 1 _ (A;])2 E7q7.7 ( )

The simple axial modes can be constructed in a similar manner.

Definition 22 The common eigenspinors of the set {H, Py, K3, J3, Q(o3)} corre-
sponding to the eigenvalues E, 4, k, m; and Eo define the simple axial modes.

Now up is the common eigenspinor of the set {A, Py, f(g, J3,03} corresponding
to the eigenvalues E?, ¢, # and m; and o. These eigenspinors can be calculated in
parabolic coordinates as axial solutions of the Klein-Gordon (or Schrédinger equa-
tion [I9]) multiplied with the constant eigenspinors of %03 having the eigenvalues
o= :l:%. For example, solving the problem of the discrete axial modes [I9] one finds
that the scalar parts are eigenfunctions of the set {A, Py, K3, L3} corresponding to
the eigenvalues E2, §, k and m that give those of the Dirac modes as & =  + |bo
and m; =m +o.

In other respects, the algebraic method based on the dynamical algebras will
lead to new results even if the rescaling of the Runge-Lenz operator has to be done
as in the scalar case for the same spectral domains of the Kepler-type problem. If
we define

B, for p<0 and E <|q|
Ri=< K; for any p and FE=|q| , (235)
iB7K; for any p and E > |q|

then the operators J; and R; (i = 1,2,3) will generate either a representation
of the o(4) algebra for the discrete energy spectrum in the domain E < |G| or a
representation of the o(3,1) algebra for continuous spectrum in the domain E > |j|.
The dynamical algebra e(3) corresponds only to the ground energy of the continuous
spectrum, E = |q|.

In order to illustrate how works the mechanism of the dynamical algebra at the
level of the Dirac theory we focus on the representations of the o(4) dynamical al-
gebra of the discrete quantum modes. In the Dirac theory the dynamical algebra is
the same as in the scalar case but its representations are generated by the operators
J; and R; = B~'K; which have spin terms. According to Eq. ([Z4), these represen-
tations are equivalent with those generated by the associated Pauli operators J; and
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R; = B7'K; acting upon the first Pauli spinor. However, since J; = L; + %O’i and
R, = Kj°+ %ai, we draw the conclusion that the Dirac discrete modes are governed
by the reducible representation

(o) - oo -rm).  aw

The Casimir operators, C; = J? + R% and Cy = J - R take now the eigenvalues, ¢;

and ¢g, such that ¢; — 2¢ = n? — 1 for both irreducible representations while é =
1(2n+1) for the representation (%, 251) and é; = —3(2n—1) for the representation

(5 —1, "T_l) This suggests us to use the new Pauli operator

|

. 1 .
02202—51220'}{4-014-12, ocrp=0"R, (237)

in order to distinguish between the irreducible representations resulted from the de-
composition (Z30). The advantage is that this operator has the simplest eigenvalues,
c=*+n.

The new Dirac operator C = 2T - R — %1, associated to C’, allows us to define
new quantum modes.

Definition 23 We say that the set {H, Py, C, T2, J3} defines the natural central
modes whose eigenspinors correspond to the eigenvalues Ey, G, c, j(j +1) and m;.
Another possibility is to take the set {H, Py, C, R3, J3} of the natural axial modes
corresponding to the eigenvalues Ey, q, ¢, m, and m;.

Since neither Q(or, + 12) nor Q3 do not commute with C, it results that the natural
modes do not have eigenspinors with separated variables. Therefore these must be
linear combinations of the spinors of simple modes. Then it is interesting to try to
write down these linear combinations using only algebraic methods.

We observe the first Pauli spinors, up g.c,j,m;, of the eigenspinors ¥n g ¢ j m; of
the natural central modes must be the eigenspinors of the set {A, Py, é, jQ, J3}
corresponding to the eigenvalues E2, ¢, ¢, j(j + 1) and m;. On the other hand, the
superalgebra

{O'R, O’L—l-lg}:O, (UR)2:(§1—52—UL, (238)
allows us to demonstrate that the first Pauli spinors of the eigenspinors of the simple
central modes (230) have the remarkable property

911/2
OR ui@j’mj = [n2 — (j + %) } ui@j’mj ) (239)

Hereby it results that the Dirac eigenspinors of the natural central modes can be

expressed as
1 / C 1)
wn,tj,c::l:n,j,mj = \/% li n+ (] + §) wn,q,j,mj
o (| @0
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In the same way the eigenspinors of the natural axial modes can be expressed
as linear combinations of the spinors of the simple axial modes. As in previ-
ous case the calculations reduce to the eigenspinors of the set of Pauli operators
{A, Py, C, Rs, J3} associated to that of the Dirac operators of the natural axial
modes. Using the identity {C, o3} = 2(Rs + J3) it is not difficult to show that the
eigenspinors of the natural axial modes are

1
wn,tj,c::l:n,mr,mj = \/—2—n [j: VAL + ’mr + mj‘ T:llf:v47m7‘7mj

+y/n F |my +my| f ] , (241)

>4, ;15

where m,. = |b|~'.

Thus we see that in the Dirac theory the algebraic method offers us the mech-
anisms of constructing new quantum modes having no separated variables. We
can say that this method and that of separation of variables complete to each other,
helping us to find many types of different quantum modes related among themselves.

Appendix A
Kahlerian geometries

Let us consider the manifold M, (n = 2k) and its tangent fiber bundle, 7 (M,),
assuming that M, is equipped with a complex structure that is a particular bun-
dle automorphism h : T(M,) — T(M,) which satisfies (h)> = —I and is covari-
antly constant. Notice that the matrix of h in local frames is an orthogonal point-
dependent transformation of the gauge group G(n). With its help one gives the
following definition [62} 45]:

Definition 24 A Riemannian metric g on M, is said Kdihlerian if h is pointwise
orthogonal, i.e., g(hX,hY) = g(X,Y) for all X,Y € T,(M,) at all points x.

In local coordinates, h is a skew-symmetric second rank tensor with real-valued
components, h,, = —h,,, which obey gwjh%hf’ﬁ' = gap- This gives rise to the
symplectic form w = %hwdaj” A dx* (i.e., closed and non-degenerate). Alternative
definitions can be formulated starting with both, g and ©, which have to satisfy the
Kahler relation @(X,Y) = g(X,hY") [E5].

A hypercomplex structure on M, is an ordered triplet H = (h', h?, h3) of complex
structures on M,, satisfying Eq. (§7). In Lie algebraic terms, the matrices % (h? )

realize the su(2) algebra.

Definition 25 A hyper-Kdhler manifold is a manifold whose Riemannian metric
is Kdhlerian with respect to each different complex structures h', h? and h3.
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Our unit roots, f, are defined in a similar way as the complex structures with the
difference that the unit roots are automorphisms of the complezified tangent bundle,
f:T(M,)®C — T(M,)®C. Therefore, f have complex-valued components and the
transformation matrix (f) is of the complexified group G.(n). Thus it is clear that
the real-valued unit roots are complex structures as defined above. The families of
unit roots may differ from the hypercomplex structures but have the same algebraic
properties given by Eq. (&1).

The passing from the complex structures to unit roots is productive from the
point of view of the Dirac theory since in this way one can introduce families of unit
roots generating superalgebras of Dirac-type operators even in manifolds which do
not admit complex structures. The Minkowski spacetime is a typical example.

Appendix B
The Minkowski spacetime

In the Minkowski spacetime, M3, with the metric n = (1,—1,—1, —1) we consider
the gauge of the inertial frames, et = é& = §¢, (u,v,... = 0,1,2,3). In this gauge we
use the chiral representation of the Dirac matrices (with off-diagonal v = ~° [57])
where the standard Dirac operator reads

. 0 (0, + - 0) 0 D)
D = H = - = Bl
"o < i —-9) 0 ) ( p-) o ) (B

and the generators of the spinor representation of the group G(n) = SL(2,C) take
the form SY = €ijkSk = %Eijkdiag(ak, or) and S° = %diag(ai, —0j).

The isometries of Msy are just the transformations 2’ = A(w)x — a of the
Poincaré group, 771 =T4) ® Ll [21]. If we denote by W) = w* the SL(2,C)
parameters and by £ = a# those of the translation group T'(4), then we obtain
the standard basis generators

X(p,u) = iaﬂ ’ (B.Q)
X(puu) = i(nuaxaav - nuaxaau) + Suy ) (B3)

which show us that in this gauge 1 transforms manifestly covariant. On the other
hand, it is clear that the group S(Mszi1) = 751 ~ T(4) ® SL(2,C) is just the
universal covering group of I(Msy1) = 771. In applications it is convenient to
denote ._72 = %@'ijjk and ,Cz = X(]Z'.

The Minkowski spacetime possesses a pair of adjoint triplets [T0]. The unit roots
of the first triplet, f, have the non-vanishing complex-valued components [10]

2%) =1, ?g) =1, f1(§) =1, (B’4)
We=i, S =i, 18 =4, (B.5)



Symmetries and supersymmetries of the Dirac operators in curved spacetimes 61

giving rise to the spin-like operators

o _ 1w quw i 0
g()zgfﬁy)su :<‘6 0>, (B.6)
and to the Dirac-type operators
. . —ig: D)
(Z) . (z) . 0 ZO'ZD
DY =i[D, 2] = < D)o, 0 ) : (B.7)

which anticommute with each other as well as with D and ~°.

The operators D and D’ form a basis for the superalgebra (d f)c defined now over
C since the isometries will give rise to complex-valued orthogonal transformations
among D(®). The spinor representation of group SL(2,C) C S(Mzy1) is generated
by J; and KC; while that of the group (G f)c ~ SL(2,C) is generated by the operators

8 = %E(i) and 7; = —% (). All these generators satisfy usual sl(2,C) commutation
rules and

(Tis 85 = igigid,  [Ki, 8] = ieijnte,

(T, 7] = igiere,  [Ki, 5] = —i€ijnsde - (B.8)

The next step is to construct the group Aut(d f)c = vect(G f)c ® 0 f where O £ s
the group of the complex-valued orthogonal matrices defined by Eq. (@) that read

Rij(w) = LFO BN ()N (w) f) . (B.9)

These form a representation of the group I(Ms11) = 73]_ induced by the group O(3)..
Of course, the translations have no effects in this representation remaining only with
the transformations A(w) € O(3,1). These give rise to non-trivial matrices R(w) as,
for example,

1 0 0 1 0 0
R(p)=] 0 cosp sing [, Ra)=| 0 cosha dsinha |, (B.10)
0 —sing cosy 0 —isinha cosha

calculated for non-vanishing parameters ws3 = ¢ (a rotation around z') and re-
spectively wp; = a (a boost along x'). Hereby we see that O_f ~ O(3), which
requires linear structures defined over C instead of R as we used in the case of the
hyper-Kéahler manifolds. Thus we have all the ingredients we need to write down
the action of the transformations of the group Aut(d f)c' We note that Egs. (BS)
show that (G f)c is an invariant subgroup.

The second triplet is f* for which all the spinor quantities are just the Dirac
conjugated of those of f. The corresponding spin-like operators are

==~ 1 A\ * 0 0
1) — (2) Lg—
20 = 2 (fu,,) S = ( ) , (B.11)

0 oy
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which means that the representations spin(G f) and spin(G f*) of SU(2) act sep-
arately on the left and right-handed parts of the Dirac spinor. Moreover, it is
interesting to observe that () + $() = 287 This perfect balance between the
chiral sectors is due to the fact that the operator DY) D(=) = D) D) commutes
with o;.

The discrete symmetry is given by two representations of the quaternion group
acting on each of both chiral sectors. On the left-handed sector acts the group
Q(f) represented by the operators 1, F = +® = diag(—12, 12), Uy = diag(io;, 12)
and 75U(,-). The operators of the group of the right-handed sector, Q(f*), can be

obtained using the Dirac adjoint and taking into account that here > = —4°. The
resulted operators, diag(1s,+i0;), act only on the right-handed sector.

Hence it is clear that each chiral sector has its own sets of unit roots defining
Dirac-type operators. These are the spheres 5'21: of the left-handed sector and 5'21:* of

the right-handed one. Since there are no other independent unit roots, the whole set
of unit roots of the Minkowski spacetime is R1(M341) = 5'21: U S}*. The continuous

and discrete symmetry groups of the Dirac-type operators are defined separately on
each of these two spheres.
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